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ABSTRACT
In an analysis of latitudinally replicated one hectare 
samples, nine seasonal forests of the temperate and tropical 
Americas were found to be very similar in biomass, 
stratification and patterns of dispersion, regardless of 
taxonomic composition or relative stem density. Neither 
basal area nor relative size class distributions of trees 
differed significantly among latitudes from the equator to 
40° north. While overall plant density was greater in 
tropical forests, the numbers and composition within 
individual strata— shrub layer, subcanopy, canopy, and 
liana— interacted independently and significantly with 
latitude. Understory populations were denser and more 
speciose at middle latitudes, in forests frequently affected 
by hurricanes. Canopy trees were randomly dispersed at all 
sites; understory stems were uniformly interstitial relative 
to the canopy, except for lianas which varied in dispersal 
at each site. Species numbers did not peak in the equatorial 
forest, but in the continental forests of western meso- 
America; no unequivocal latitudinal gradient of species 
increase was evident.
xv
INTRODUCTION
Since the publication of the South American voyages of 
Humboldt and Bonpland (Humboldt 1851) and Wallace (1878), 
western ecologists have typically compared the seasonal 
mesic forests of the temperate zones to the evergreen 
lowland moist forest of the tropics (Figure I.l). Ehrlich 
and Roughgarden (1987, p.420) caution against broad 
hypotheses of latitudinal gradients, saying that such 
"conjectures often presuppose myths about the tropics and 
temperate zones that are misleading [sic]. Is the temperate 
zone really more seasonal than the tropics? Many tropical 
sites have cycles of wet and dry seasons that are as 
pronounced as temperate zone cycles of hot and cold seasons. 
. . [T]he communities in a tropical-temperate zone 
comparison must be matched to each other before conjectures 
about their differences are well-posed."
On the latitudinal gradient from temperate to tropical 
forest systems, the number of species, the densities and 
sizes of trees, and the complexity of their spatial 
relationships have been said to increase as latitude 
decreases (e.g, Humboldt 1851, Wallace 1878, Fischer 1960, 
Terborgh 1985, Stevens 1989). If true, such structural 
changes may differentially affect the recruitment of woody 
plants into the canopy from the understory. Studies of the 
relationship between patterns of dispersion of the canopy 
and understory stems in hardwood forests are few and recent
Closed-canopy
Forest Temperate Tropical
Evergreen
canopy
Deciduous
canopy
A
Cold seasonal 
Gymnosperm dominated 
Species poor 
Little vertical 
stratification 
No vascular epiphytes 
No lianas 
Few shrubs
C
Cold seasonal 
Angiosperm dominated 
Moderately species rich 
Vertical stratification 
Few epiphytes 
Lianas present 
Shrubs present
B
Aseasonal 
Angiosperm dominated 
Extremely species rich 
Extreme vertical 
complexity 
Profuse epiphytes 
Many lianas 
Few shrubs
D
Dry seasonal 
Angiosperm dominated 
Moderately species rich 
Vertical stratification 
Few epiphytes 
Lianas present 
Shrubs present
Figure I.l. Characteristics of general forest types.
(e.g. Harcombe and Marks 1977, Ehrenfeld 1980, Armesto et 
al. 1986, Glitzenstein et al. 1986, Platt and Hermann 1986, 
Poulson and Platt 1989, Platt and Schwartz 1990). That 
perceived demographic relationships among forest strata may 
change with latitude and with disturbance regime is 
suggested by these works (see also Smith 1973, Ewel 1980, 
and Stevens 1989).
Brokaw and Scheiner (1989, p.541) have stated that 
"work is needed on dynamic processes determining the 
composition and structure of the understory beneath a closed 
canopy. This 'sub-community' covers more area than do gaps, 
contains more individuals, and includes the juveniles of 
shade tolerant species, the predominant life history class 
in most tropical forests . . . Creation of a gap in the 
canopy acts on patterns already established in the 
understory of the closed phase."
Clearly, a consistent analysis of pattern and 
composition of all woody species and size classes is needed 
to address the questions of the correlation of understory 
composition to canopy structure and dynamics, and of the 
putative latitudinal gradient in seasonal forest 
composition. While some data are available from previous 
studies, their disparate sample sizes and methods, 
dissimilar methods, and omission of small size classes 
preclude synthesis.
In this project I examine spatial relationships, 
taxonomic composition and vertical structure within and 
among the understory and canopy of nine seasonal forests.
The field work, in protected forest sites in six countries, 
was conducted between November 1990 and January 1993. Study 
sites were established in pairs for replication within 
latitude: two cool temperate forests at 40° N latitude, two 
warm temperate forests at 30° N, four coastal tropical dry 
forests at 20° and 10° north (Figure 1.2). A single lowland 
equatorial seasonal forest, on the northern edge of the 
Amazon basin, was added to the study when it became 
available. Field work included the mapping, measuring, and 
identifying all woody stems > 1 cm dbh in 1 ha sites (each 
composed of 16 replicate plots). Tagging of plants with 
permanent aluminum tags will facilitate future re-census of 
the plots. Demographic and spatial analysis of these 
replicated plots provide the basis for structural 
comparisons and statistical analysis of pattern and 
composition.
Specific areas of interest (framed as null hypotheses) 
were:
1) As latitude decreases, the forest understory contains 
progressively fewer juveniles of canopy tree species, and 
more "shade-tolerant" or understory specialist (shrub and 
subcanopy) species. As a corollary, the rate of increase of
5o>
Black Rock Forest 
New York ___ -Hueston Woods j 
Ohio '
Tunica Hills 
^  Louisiana ^
Titi Hammock 
Georgia
Guanica 
Puerto Rico
Chamela, Jalisco 
Mexico
Rancho Grande, Aragua 
Venezuela
Palo Verde, Guanacaste 
Costa Rica
Weri-Mur, Rupununi 
Guyana
40c
30°
20°
10c
0°
10°
20°
Figure 1.2. Site locations in seasonal forests of the 
Americas.
understory species diversity is greater than that of the 
canopy.
2) The effects of regional disturbance patterns, e.g., 
hurricanes, may override local and edaphic influences on the 
structure, density and fine-scale species composition among 
vertical strata of seasonal forests. If so, the structure of 
forests frequently affected by hurricanes should differ from 
that of other forests.
3) Patterns of canopy/understory spatial dispersion are 
not significantly different between temperate and tropical 
forests. As a corollary, inter- and intraspecific 
associations between canopy and understory pairs should not 
differ among latitudes or between forests.
The dissertation is organized into four chapters. 
Chapter 1, now in press (Southern Journal of Applied 
Forestry, 1994; co-author is Harold H. Slater), is a 
description of the mapping method devised so that one 
person, working alone, could accurately and quickly map the 
woody stems in forest plots; triangulation with ultrasonic 
distance meters from two fixed plot corners was efficient 
and economical. Chapter 2 is a comparison of demography, 
spatial and specific patterns in two pairs of cool and warm 
temperate forests of the eastern United States. Chapter 3 
is a similar analysis of five tropical seasonal forests, in 
the context of canopy disturbance; work at the equatorial 
site in southern Guyana was the first ecological plot study
7carried out in that country. Chapter 4 is an examination of 
all nine sites for evidence of latitudinal gradients in 
structure and pattern, and relates differences of 
physiognomy and local species stratification to disturbance 
regime.
Never have ecologists been more aware of the need for 
applied results, or for the shaping of scientific inquiry by 
pragmatic ideals. As mandated in the Ecological Research 
Agenda of the Sustainable Biosphere Initiative (Lubchenco et 
al. 1991), research in ecology must focus on basic issues of 
landscape transformation, human impact, management, and 
applied research. Seasonal tropical forests are among the 
most threatened habitats on the planet (Ewel 1980, Murphy 
and Lugo 1986). If we are to implement sustainable forestry 
practices and to integrate human habitation in the remaining 
forest, a thorough understanding of their structure, 
pattern, and auto- and allogenic processes is essential. 
Because these nine sites represent a broad spectrum of 
seasonal hardwood forests, the findings of this project may 
allow for significant generalization about seasonal forests, 
their responses to perturbation and their susceptibility to 
restoration and management.
Literature cited in Introduction
Armesto, J.J., J.D.Mitchell, and C. Villagran, 1986. A 
comparison of spatial patterns of tress in some 
tropical and temperate forests. Biotropica 18(1): 1-11.
Brokaw, N.V.L., and S.M. Scheiner, 1989. Treefalls,
regrowth, and community structure in tropical forests.
8Chapter 4 in Pickett and White, eds., The Ecology of 
Natural Disturbance and Patch Dynamics. Academic Press, 
New York.
Canham, C.D., and P.L. Marks, 1985. The response of woody 
plants to disturbance: patterns of establishment and 
growth. In Pickett and White, eds., The Ecology of 
Natural Disturbance and Patch Dynamics. Academic Press, 
New York.
Denslow, J.S., 1987. Tropical rainforest gaps and tree
species diversity. Ann. Rev. Ecol. Sys. 18: 431-451.
Ehrenfeld, J.G., 1980. Understory response to canopy gaps of 
varying size in a mature oak forest. Bull. Torr. Bot. 
Club 107(1): 29-41.
Ehrlich, P.R., and J. Roughgarden, 1987. The Science of 
Ecology. Macmillan, New York.
Ewel, J . , 1980. Tropical succession: manifold routes to 
maturity. Biotropica 12(Supplement: Tropical 
Succession): 2-7.
Fischer, A.G., 1960. Latitudinal variations in organic 
diversity. Evolution 14: 64-81.
Glitzenstein, J.S., P.A.Harcombe, and D.R.Streng, 1986.
Disturbance, succession, and maintenance of species 
diversity in an east Texas forest. Ecological 
Monographs 56(3): 243-258.
Harcombe, P.A., and P.L. Marks, 1977. Understory structure
of a mesic forest in southeast Texas. Ecology 58: 1144- 
1151.
Humboldt, A. von, 1851. Tableaux de la Nature. Gide et J. 
Baudry, Paris.
Lubchenco, J. et al., 1991. The sustainable biosphere 
initiative. Bulletin of the Ecological Society of 
America, Vol 72 (2).
Murphy, P.G., and A.E. Lugo, 1986. Ecology of tropical 
forests. Ann. Rev. Ecol. Sys. 17: 67-88.
Platt, W.J., and S. Hermann, 1986. Relationships between
dispersal syndrome and characteristics of populations 
of trees in a mixed-species hardwood forest. In 
Estrada. A., and T. Fleming, eds., Frugivores and Seed 
Dispersal. Junk Publishers, Dordrecht, Netherlands.
9Poulson, T.L., and W.J. Platt, 1989. Gap light regimes
influence canopy tree diversity. Ecology 70(3): 553- 
555.
Smith, A.P., 1973. Stratification of temperate and tropical 
forests. American Naturalist 107: 671-683.
Stevens, G.C., 1989. The latitudinal gradient in
geographical range: how so many species coexist in the 
tropics. American Naturalist 133(2): 240-256.
Terborgh, J . , 1985. The vertical component of plant species 
diversity in temperate and tropical forests. American 
Naturalist 126(6): 760-776.
CHAPTER 1: MAPPING FOREST PLOTS: A FAST TRIANGULATION METHOD 
FOR ONE PERSON WORKING ALONE
Introduction
The accurate mapping of forest plots is important in 
many aspects of forestry and ecological research, and new 
methods and variations are constantly being developed (e.g. 
Glitzenstein et al. 1986, Platt and Hermann 1986, Reed et 
al. 1989, Hall 1991). All published methods, however, 
require teams of more than 2 field workers. These methods—  
from traditional transect, grid, and tape methods, to 
bearing and range calculation, to survey by electronic 
theodolite— require open sight lines from all points to be 
mapped. This is sometimes impossible in forests with dense 
understory vegetation. Therefore, modifications of tape- 
measure methods are still employed (e.g. Reed et al. 1989). 
Many current methods (e.g., Rohlf and Archie 1978, Platt and 
Hermann, 1986) also require either three distances to be 
measured for each stem mapped, or use distance and bearing 
readings among the trees being mapped, thus accumulating 
error or simply becoming extremely inaccurate across varying 
terrain or in dense vegetation.
By adapting a lightweight "electronic tape measure" to a
simple triangulation set-up, we have successfully mapped all
stems >1 cm dbh in nine hardwood forest sites of 1 ha each,
in 16 subplots of 25x25 m (Figure 1.1). Stem densities in
these forests ranged from 1,500/ha in northern temperate
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woods to almost 7,000/ha in tropical dry seasonal forest.
The inclusion of understory shrubs and saplings was a prime 
consideration in the development of this method.
Equipment
The Sonin 250 (Sonin, 1990) and two other models of 
lesser range are distributed through Forestry Suppliers, Ben 
Meadows, and other vendors. They are marketed as linear 
measuring devices, and the basic unit is one "sender" and 
one "target", each of which operates on a 9-volt battery.
The sender emits an infrared beam, which activates the 
target to emit ultrasonic pulses. By comparing the signals, 
the instrument calculates the distance between the two 
machines and displays the number in either
English or metric units on the liquid crystal display. (Some 
internal memory and calculator functions allow for 
manipulation and computation, but these are not necessary 
for mapping.)
Methods
Field procedure
In the forest, pre-measured perimeter strings, and one 
diagonal string (to ensure plot squareness), are set up to 
delineate square plots. We demonstrate plots of 25m x 25m; 
smaller areas— or gridded sub-plots--may be necessary in 
forests of very high understory density, or for other 
sampling procedures. The plot corners are pinned and 
flagged, and the perimeter dimensions are confirmed by Sonin
12
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A 25 m
Figure 1.1. Schematic 25 x 25 m plot. Any point PI within 
the plot can be measured from any two contiguous corners
(AB). Unless sight lines dictate otherwise, working within 
four triangular areas is most efficient. If opposite corners
(AC) are used, two possible solutions, el and e2, exist for 
the same set of measurements. Any distance from a point P2 
to a corner (C) can be obtained by swinging a radius r from 
the stem, until the obstruction is cleared.
13
measurement, as the strings may sag. Our work includes 
tagging, identifying, and measuring the girth (dbh) of each 
stem; these steps precede mapping, to ensure that each stem 
is included. The final step is to shoot the distance from 
the mid-diameter of each stem to two designated plot 
corners.
For greatest speed in mapping, two target units are used 
simultaneously; otherwise, each stem must be visited twice. 
The two targets are mounted at breast height on very cheap, 
lightweight tripods, and placed at any two corners of the 
plot (Figure 1.1). Ideally, the targets are mounted at a 
consistent height at the plot corners, but unless the slope 
is severe or the plot heavily dissected, the measurements 
from unequal heights can be safely projected on a horizontal 
plane; the relative distances among points will not change 
significantly. However, if slope is a concern, it can be 
quickly calculated for later inclusion in the mapping. To 
do so, the target is raised vertically by hand or on a 
(telescoping) pole at the downhill point, and the horizontal 
distance shot from the uphill corner. (Alternatively, the 
slope can be read with a range finder, providing sufficient 
data for vertical triangulation between the points. It 
should be stressed, however, that for most forest plot 
mapping vertical readings are probably unnecessary, and in 
cases of extreme slope the plot should be subdivided into 
manageable sub-units.)
While taking distance readings, obstructions must be 
avoided when at all possible (see Figure 1.1). However, we 
have obtained accurate readings through a variety of foliage 
densities'— one of the major benefits of this method. By 
moving the sender slightly, up and down, parallel to the 
axis of the stem being mapped, one can usually find a shot 
through moderate foliage to the target. If this fails, and a 
direct line of sight is completely blocked, one can swing 
out from the stem and obtain the same radius length to the 
corner pole (Figure 1.1). This technique is difficult with 
measuring tapes, impossible with transit methods, and is 
antithetical to bearing-and-distance methods. If the 
operator is unable to gauge the radius visually, a string 
from the corner can be used, held in the hand with the 
sender unit. Having first tagged a set of stems, one person 
working alone can write with one hand, and shoot distances 
with the other.
Laboratory procedure
The raw distance data must be converted to planar 
cartesian coordinates for use in mapping and analysis. 
Therefore, it is essential that the distances have been 
measured to consistently labelled corners. For each stem 
location, reference is made to two corners or known points 
(see Figures 1.2 and 1.3).
Plots can be either independent of each other, or 
located within a grid or along a transect. Our method
d c
Error of Exclusion
Error of Inclusion
Figure 1.2. a) Intersection of two radius measurements 
provides the location of a stem within a plot, b) Error of 
exclusion: the radii fail to intersect because one (or both) 
is too short, c) Error of inclusion: the radii fail to 
intersect because one is too long.
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provides a means of placing stem locations within a larger 
context, by converting the independent (e.g., not oriented 
precisely north/south) coordinate system of the individual 
plot into true cardinal references.
The first coordinate system to be calculated is the 
actual plot x/y; the second operation converts the first 
into terms of the grid, transect, or real compass reference.
To begin, the unknown point (stem tag number) is offset 
by a distance Diai and an angle a to the unknown point from a 
line parallel to the X' axis of the plot coordinate system, 
i.e., where corner A= 0, 0; B= 25, 0; C= 25, 2 5 and D= 0,
25. These are the "known points". The X'Y' offset is 
presented below.
By using the Pythagorean theorem to define Da, the 
common distance in each of the two upper triangles in Figure 
2, eguating these two expressions, and making the 
substitution for Dc defined in (3) , we can solve for Db in 
(4), and thus for X ' .
Since Db is now known, its numerical value can be used in 
the Pythagorean relationship in the upper triangle (Figure
X/=Drucos(a)=Dru-^ =Db
^ 7*1 Iru
(1)
(2 )
D2c = [Dxl-Db) 2 -Dxl +Db~2DbDrl (3)
Unknown Point (UKP)
Dili Left Known Point (LKP)
Da
Dc
Dru
Dc
Drl
Db
Dd
Right Known Point (RKP)
Figure 1.3. Fitting X'Y' coordinates (Step 1) to actual 
polar coordinates or larger context of mapping.
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D2n+D2lu-D2lu
2Dtl
( 4 )
1.2) to obtain the solution for Da, and thus for Y' in (5):
The sum of the terms beneath the square root sign in (5) 
must be positive in order for the square root function to be 
defined. This is always true if the two circles, defined by 
the radii of the distances from the known points to the 
unknown point, intersect as diagrammed in Figure 1.2a.
Field measurement or data entry error may result in non­
intersecting circles around the known points, either because 
the sum of known to unknown point distances is less than the 
distance between the corners (Figure 1.2b), or because the 
circle defined by the distance of one known point is 
entirely enclosed by the circle defined from the other 
(Figure 1.2c). In either case, the summation of the terms 
below the square root function in (5) will be negative, and 
the square root function will not be defined. In this case, 
it is impossible to map the true position of the point, and 
an artificial solution must be imposed. From our field 
experience, we believe that most points resulting from such 
errors lie close to the line defined by the two known 
points; our solution is to map these trees on this line at a 
distance proportional to its distance from the known points.
Y'=Da=^D2u-D2a ( 5 )
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After the coordinates of each stem within the plot have 
been determined, their locations can be brought into the 
larger (reference) coordinate system, by rotating the first 
coordinate system through some angle, to conform to the 
grid or transect base line (Figure 1.3). This requires 
knowing the cosine and sine of /3, and applying them to 
equations (6) & (7).
cosP = D &
(LKPX-RKPX)
D.rl D. (6)rl
. Df (LKP -RKP ) 
sinp = — - = -----y y—D.rl D. ( 7 )rl
Now, the second transformation can be completed as in (8).
(8)cosP -sinp Z /+
RKPX UKPX
sinp cosP Y1 RKPy UKPy
Equation (6) can be expanded to obtain the final XY solution 
for the unknown point; this is presented in equations (9)& 
(10) .
UKPX = cosp X ' - sinp Y' + RKPX 
UKPy = sinPX'' + cos p Y' + RKPy
( 9 )
(10)
The cartesian coordinates thus obtained may be used in any 
software program for mapping or pattern analysis.
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Discussion
Other than reading the clearly-written manual and 
practicing in the field, no special training is required for 
the Sonin equipment. "Getting a feel" for the Sonin readout 
is necessary when dealing with fluctuating readings, whether 
due to ambient noise or visual signal interference. 
Obviously, the steeper the site or the denser the 
understory, the more time is required for set-up, moving 
about, and sighting the distance readings. The optimum team 
size is three: one person moving ahead tagging, the other 
two following with the measurements and recording the data. 
An efficient team can complete over 125 stems/hour. Teams 
of more than three do not increase efficiency appreciably. 
Table 1.1 compares field times and results for 3 methods for 
a team of 2 workers/8 hours.
We have tested the accuracy of the Sonin against tape 
measurement, with known distances on flat and open ground. 
Its accuracy was, as advertised, 99% in the absence of gusty 
winds. Against the bearing-and-distance trial (with tape and 
compass, two people working), the Sonin proved far superior 
in mapping accuracy. The Sonin method is, of course, not as 
accurate as theodolite surveying, but most applications of 
forest plot mapping do not require engineering precision.
For mapping tree locations for pattern analysis data, the 
Sonin instruments more than adequate for reliable distance 
measurement. Remeasurement of two existing plots yielded
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Table 1.1. A comparison of mapping method time efficiency, 
each for one 8 hr day. (Time includes tasks of tagging and 
measuring, but excludes travel, plot perimeter set-up, 
voucher collection.)
Method Team Size Points/Hr
Sonin 1-3 95
Range/Bearing 2-3 60
Tapes on Grid 3 25
Theodolite (manual) 3 50
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readings that agreed with original measurements at better 
than 95%, for distances over 10 m.
The basic unit's retail cost is approximately $150; 
with an extra target unit, two tripods, and a (prism-style) 
foam carrying case, the total equipment cost is under 
$300.00, A reconditioned total theodolite station ranges 
from $4,500.00 to $9,000.00; a manual transit station may 
cost around $3,000.00. The cost of the entire Sonin set-up 
is roughly equal to a traditional set of tapes, good 
compasses and range finders for a team of three.
The advantages of the electronic measuring device are 
several. The initial expense is low, and energy consumption 
is minimal. (Each piece uses a 9-volt battery that lasts for 
several thousand measurements.) By measuring only two 
distances to fixed, known corners, the accumulated error of 
mapping from other mapped stems is avoided (see Hall [1991] 
for discussion). Most significant is that no other method 
can be employed by one person working alone. The major 
drawback to the Sonin is that it cannot be used in the rain 
or when foliage is dripping moisture: held horizontally, the 
face of the sender unit is not watertight, and cannot be 
fully protected without distorting the audio signal. When 
water gets in, the display stops working. The user must 
also be aware that false or wavering readings may sometimes 
appear, usually due to foliage motion or ambient sound, and 
therefore keep in mind one's relative position in the plot.
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Despite the manufacturer's caution, temperature fluctuations 
(45-100°F) have not affected readings over two years of our 
work in extreme conditions. Used with proper awareness of 
its limitations, this fast, cheap, and light-weight 
technique is admirably suited for individual and team field 
work in mapping forest plots.
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CHAPTER 2: STRUCTURE AND PATTERN IN 
TEMPERATE HARDWOOD FORESTS
Introduction
Mixed species, seasonal hardwood forests occur over a 
wide range of latitudes in eastern North America, from 26° N 
in Florida to 47° N in Canada (Braun 1950, Monk 1968, 
Delcourt and Delcourt 1987, Vankat 1990). These forests, in 
which dominant tree species lose their leaves at least 
transiently each year in the winter, are characterized by 
co-dominant canopy species and a variable, stratified 
understory containing juveniles of the canopy species as 
well as shrubs and sub-canopy trees (Braun 1950, Harcombe 
and Marks 1977, Runkle 1985, Terborgh 1985, Martin 1992).
The eastern hardwood forests may be broadly divided 
into cool- and warm-temperate categories based on 
differences in climate and species composition. Cool- 
temperate hardwood forests are variously dominated by 
American beech, sugar maple, oaks, and a variety of less 
widespread species; hemlock (Tsuaa canadensis) . an evergreen 
gymnosperm, may be locally abundant in more northerly 
forests (Braun 1950, Runkle 1982, Delcourt and Delcourt
1987). Warm-temperate hardwood forests south of the 
Appalachians are characterized by a mixture of deciduous 
trees (e.g., beech, oak, sweetgum) and broadleaf evergreens, 
in which southern magnolia, holly, and subtropical
understory species become increasingly common as latitude
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decreases (Axelrod 1966, Monk 1968, Platt and Schwartz 
1990).
In recent years, the paradigm that has dominated study 
of the hardwood forests of eastern North America is the 
intermediate disturbance theory (Connell 1978), supplanting 
the concept of competitive succession to a climax 
equilibrium state (e.g., Monk 1968, Whittaker 1975). Gap 
dynamics, usually in conjunction with much rarer larger- 
scale disturbance, are postulated to be the primary 
determinant of temporal and spatial scale of species 
regeneration (Harcombe and Marks 1977, White 1979, Lorimer 
1981, Runkle 1985, Canham and Marks 1985, Glitzenstein et 
al. 1986, Canham 1989, Poulson and Platt 1989, and see Platt 
and Strong 1939). Despite evidence of periodic catastrophic 
damage to forest canopies considerably north of 40° (Henry 
and Swan 1974, Bormann and Likens 1979, Dunn et al. 1983, 
Foster 1988), studies in northern forests have tended to 
focus on the gap/phase dynamics of individual treefalls 
(e.g., Williamson 1975, Runkle 1979, 1981, Poulson and Platt
1989). In contrast, recent studies of southeastern forests—  
especially those in the coastal plain, have tended to focus 
more on the effects of larger-scale canopy disturbance, and 
specifically hurricane damage (e.g., Harcombe and Marks 
1983, Glitzenstein et al. 1986, Platt and Schwartz 1990; but 
see Ware et al. 1993).
Guilds of species form relatively discrete but 
transitory strata (defined here as shrubs, subcanopy, 
canopy, and lianas) in temperate hardwood forests (Terborgh 
1985). While vertical strata cannot be unambiguously defined 
(Harcombe and Marks 1977), a combined assessment of growth 
form, current size class, and species' potential stature can 
be used to categorize the plants of these seasonal forests 
(Smith 1973, Terborgh 1985). Species populations may be 
loosely aggregated across forests (Platt and Hermann 1986, 
Platt and Schwartz 1990), just as relative stratification 
among species may be consistent (Harcombe and Marks 1977, 
Terborgh 1985). Studies of interactions among species 
assemblages and between vertical strata— the canopy and 
understory--have suggested that understory dynamics may 
influence canopy composition. Survival and growth of these 
juvenile trees in gaps has been posited as the proximate and 
ultimate cause of spatial pattern of canopy trees 
(Williamson 1975, Poulson and Platt 1989, Platt and Schwartz
1990). However, the patterns of dispersion and vertical 
stratification of species in warm- versus cool-temperate 
forests have not been explicitly compared.
In the current study, we examined differences of basal 
area, density (numbers), spatial distribution among strata, 
between species, and in vertical structure between cool- and 
warm-temperate forests located at 40° and 30° north latitude. 
To explore the idea of differential subcanopy pattern and
diversity in response to canopy disturbance, we compared the 
demographics, composition, vertical structure and spatial 
dispersion of woody understory plants in relation to the 
canopy trees in four temperate forests. At each site, one 
aggregate hectare was sampled in 16 replicates of randomly 
located non-contiguous plots. The variables measured and 
analyzed, for all woody plants > 1 cm dbh, included size, 
stratum category, spatial location, and species. Diversity 
within and among the strata, basal area, density and 
dispersion were analyzed, with sites treated as replicates 
within latitude. The analyses were focused on latitudinal 
differences between warm and cool temperate forests in three 
areas of specific interest: 1) demographics of four vertical 
stratum categories; 2) species diversity both within plots 
and among sites; and 3) pattern of spatial dispersion of the 
understory (both shrub layer plants and subcanopy trees) and 
lianas relative to the canopy trees.
Methods 
Study sites
Four forest sites were selected for study, two each 
located at approximately 40° and 30° north, on either side 
of the Appalachian divide that bisects the eastern US 
(Figure 2.1)(see Braun 1950). The sites are: Hueston Woods, 
Preble County, Ohio; Black Rock Forest, Orange County, New 
York; Tunica Hills, West Feliciana Parish, Louisiana; and 
Titi Hammock, Thomas County, Georgia. All sites are mixed-
28
Black Rock Forest 
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Figure 2.1. Study site locations at 30° and 40° north 
latitude, in eastern North America.
species eastern deciduous forests, with Fagus grandifolia a 
dominant canopy species. The southern forest sites are not 
recent hardwood "disclimax" forests that, with fire 
suppression, have replaced pine savanna in much of the 
southeast (see Ware et al. 1993). All four sites have more 
or less sloping terrain and variable soil moisture 
gradients. While no American forest can be said to have been 
completely unaffected by human incursion, all four sites 
have long-term protected status. Each forest has been the 
site of previous studies: Vankat et al. 1975, Canham et al. 
1990 (Hueston Woods); Raup 1938, 1964, Lorimer 1980, 1985 
(Black Rock); Delcourt and Delcourt 1974 (Tunica Hills); 
Blaisdell et al. 1974, Platt and Schwartz 1990 (Titi 
Hammock).
Climatic conditions are similar for the paired sites 
at each latitude. Average monthly precipitation does not 
vary markedly at any site; however, annual rainfall is 
greater at 30° than at 40° N (Figure 2.2). Frost-free 
periods at 30°, about 9 months, are 50% longer than those at 
the northern sites (NESC 1992, and see Runkle 1985) (Figure
2.2). Periodic canopy disturbances in the form of hurricanes 
or other windstorms affect all four sites, but with widely 
differing estimated return times. These are on the order of 
many decades to centuries at 4 0° N (Simpson and Lawrence 
1971, Henry and Swan 1974, Bormann and Likens 1979, Foster
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Figure 2.2. Average monthly precipitation (mm) at each site. 
Dark bars indicate average annual frost-free period. 
(National Economic, Social, and Environmental (NESC) data 
bank, 1992, for Cincinnati, OH, West Point, NY, 
St.Francisville, LA, and Thomasville, GA).
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1988) , and two decades or less at 30° along the Gulf Coast 
(Simpson and Lawrence 1971, Neumann et al. 1987).
Hueston Woods. This forest is a remnant of the once 
extensive beech-maple-oak forests of southern Ohio (see 
Braun 1950), now reduced to scattered islands of mixed 
hardwoods separated by vast agricultural clearings (Table 
2.1). Privately held from 1797 until 1941, when it became a 
state park, Hueston Woods has had only limited selective 
cutting that ended in the 1920s (Vankat et al. 1975, 
J.Udstuen, pers comm). Organic soil overlies clay on flat- 
topped ridges that are separated by moderately steep-sided 
(angles to 60%) ravines that slope toward the impoundment of 
Acton Lake; erosion and small landslides are common in the 
ravines (Vankat et al. 1975). Annual rainfall is 900 mm/yr 
and somewhat heavier in the growing season than in the 
winter months (NESC, Cincinnati station, 1992) (Figure 2.2). 
No specific data were available for periodicity of cyclonic 
windstorms, or for occurrence of natural fire.
The forest has an irregularly closed canopy dominated 
by Fagus qrandifolia. Ouercus velutina, £>. rubra, Acer 
saccharum and A. nigrum (Vankat et al. 1975). The dense 
understory is comprised mostly of juveniles of canopy 
species, but includes rosaceous shrubs and sub-canopy trees 
such as Cornus florida and Asimina triloba; less abundant 
species (e.g., Platanus occidentalis and Maclura pomifera) 
occur along drainages.
Table 2.1. Location and physiognomic characteristics of the sites. Elevations are 
approximate for the sample plots. Disturbance regime details and all citations are given 
in the text.
, Disturbance
Latitude/ Eleva- Precip- ----------------------------
.. .. . tion itation
6 n^1 U 6 Substrate (m) (mm/yr) Hurricane Fire Landslide
Hueston Woods, 
Ohio USA
Black Rock Forest 
New York USA
Tunica Hills, 
Louisiana USA
Titi Hammock 
Georgia, USA
39°3 0' N 
84°45'W
4 1°2 4'N 
74°W
30°50'N 
89°30' W
humus, 
clay
granitic,
glaciated
loess
31°05'N oceanic 
84°20'W sediments
300
300
30
80
900
1170
1400
1370
occas- occas­
ional ional
occas- occas- rare 
ional ional
fre­
quent
fre­
quent
rare
fre­
quent
fre­
quent
rare
Black Rock Forest. The forest is located on upper 
slopes and valleys of glaciated granitic hills on the west 
side of the Hudson River, just north of West Point, New York 
(Table 2.1). These Hudson Highlands are an extension of the 
Appalachian ridge of northern New Jersey (Raup 1938, 1964). 
The forest, in private ownership since colonial times, was 
intermittently exploited for timber, especially in the 
nineteenth century, before coming under the protective 
management of Harvard Forest in 1950 (Raup 1964). It is now 
held by a private consortium for conservation and research. 
Some areas of even-aged canopy indicate either that relative 
equilibrium has not been fully re-established (Lorimer 1981, 
C.Canham pers.comm.) or that periodic large-scale 
disturbances have precluded all-age stand development (Raup 
1964). Soils are thin, with weathered and glaciated granitic 
outcroppings; slopes are stable (Raup 1938). Rainfall 
averages 117 0 mm/yr and is less seasonal than at any other 
site (NESC West Point, 1992)(Figure 2.2). Atlantic 
hurricanes have been estimated to recur at intervals of 85 
years in the Hudson River Valley region (Simpson and 
Lawrence 1971; also see Henry and Swan 1974, Bormann and 
Likens 1979, Foster 1988)(Table 2.1). The natural fire 
periodicity is not known (Raup 1964).
The distributions of tree species vary with aspect, 
elevation, and depth of soil and represent a transition from 
central Appalachian hardwoods to slightly more boreal forest
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(Braun 1950) . The dominant species include Ouercus prinus,
Q. rubra. and £>. velutina on upper slopes and Acer 
saccharum, A . rubrum. Faqus qrandifolia. and Carva species 
on lower slopes. Tsuga canadensis occurs in deep ravines 
(Raup 1938, Brown 1975). Understory growth is sparse, except 
along the drainage courses, in recent gaps, and near rock 
outcrops. Species that typically occur in larger gaps 
include Tilia americana. Populus qrandidentata. and Fraxinus 
americana; understory shrubs are dominated by Vaccinium spp. 
(Raup 1938) . Although small vines occur in openings, large 
lianas are uncommon.
Tunica Hills. Magnolia Glen is a Louisiana Nature 
Conservancy preserve located on the east bank of the 
Mississippi River, in the Tunica Hills of West Feliciana 
Parish (Table 2.1). Rainfall is 1400mm per year with 
slightly less monthly rainfall in the fall (NESC 
St.Francisville 1992)(Figure 2.2). Hurricanes occur 
relatively frequently (most recently Hurricane Andrew in 
1992), with an average return interval of 17 years (Simpson 
and Lawrence 1971, Neumann et al. 1986). Other disturbance 
is local: very steep slopes of loess soil result in frequent 
small landslides. No fire history data exists for the site 
(see Delcourt and Delcourt 1974).
The site's ridges and ravines support a very well- 
developed mixed hardwood forest with a canopy dominated by 
Faqus qrandifolia. Magnolia qrandiflora. Liquidambar
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stvraciflua. and several Carva and Ouercus species. The 
subcanopy species include Ilex opaca, Cornus florida,
Lindera benzoin, Stvrax spp., as well as many smaller 
deciduous shrubs (Delcourt and Delcourt 1974). The ridge- 
tops have been invaded by loblolly pine (Pirrns taeda) after 
hardwood timbering early in the 20th century, but the lower 
slopes and drainage bottoms were never logged and have 
remained in hardwood cover (D.Pashley, pers. comm.).
Titi Hammock. The forest is located on the 
Georgia/Florida state line in a shallow drainage surrounded 
by longleaf pine savanna, a typical formation of the 
southeastern coastal plain (Blaisdell et al. 1974, Platt and 
Schwartz 1990). The hammock is privately owned as part of 
Springhill Plantation, and is managed by the Georgia Nature 
Conservancy under a conservation easement. Soils are eroded 
marine sediments exposed since the Miocene and well-drained 
except in drainage bottoms; no landslides occur on the 
shallow slopes (Blaisdell et al. 1974). Precipitation is 
1370 mm/year, with a marked dry period in the fall and a 
lesser one in the spring (NESC Thomasville, GA, 1992)
(Figure 2.2). Hurricanes (most recently Hurricane Kate in 
1985), frequently open the canopy, especially at higher 
elevations in the hammock; hurricane recurrence is estimated 
at 14 years (Simpson and Lawrence 1971). Regular fires in 
the savannah have penetrated the hammock as groundfire,
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further widening the spectrum of edaphic conditions 
(Blaisdell et al. 1974; W.J.Platt unpub. data).
A sharp elevational gradient is reflected in the 
changing species assemblages from the wet bottom (Nvssa 
spp., Magnolia virqiniana) to the savannah edges (Ouercus 
spp). Faqus qrandifolia. Magnolia qrandiflora. and an array 
of other hardwoods share canopy dominance; Pinus glabra and 
P. taeda are also present (Platt and Schwartz 1990). The 
subcanopy is dominated by five species: Cornus florida, 
Ostrva virqiniana. Ilex opaca. Svmplocos tinctoria. and 
Carpinus caroliniana (Platt and Schwartz 1990). The 
understory contains many shrub species, both temperate and 
subtropical (see Appendix A ) , and occasionally dense 
thickets of juveniles of canopy species, and semi-woody 
vines.
Field procedure
At each site a transect of ± 3 km was established 
through representative forest, away from trails or 
anthropogenic disturbances. Along the transect sixteen 
plots (1 ha total) were selected randomly from about 30 non­
contiguous potential plots and flagged with temporary 
markers. Each 25m x 25m plot was temporarily delineated with 
string lines and squared by iteration of diagonals. Mapping 
methods are described in Quigley and Slater (1994).
Within each plot, each woody plant >1 cm dbh was tagged 
using sequentially numbered aluminum tags. On plants with
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multiple stems, only the largest stem was tagged. Number of 
stems per plant, diameter at breast height (hereafter, dbh) 
measured at 1.4m, species, and notes on phenology or damage 
condition (e.g., leaning or senescent) were recorded for 
each plant. The location of each plant was mapped using 
methods described in Quigley and Slater (1994). Each plant 
was assigned a stratum category based on the height of the 
tallest stem: 1) shrub layer, less than 2.5m tall; 2) 
subcanopy, more than 2.5 m but with crown all or partly 
below other trees; 3) canopy, with crown unobstructed; or 4) 
liana, a non-self-supporting woody climber).
Taxonomic nomenclature follows Elias (1985) for the 
northern (40°) sites and Radford et al.(1981) for the 
southern (30°) sites; for Louisiana species not found in the 
range covered by Radford et al.(1981), Clewell (1985) was 
consulted. Voucher specimens were collected for each species 
encountered, and deposited in the Herbarium at Louisiana 
State University. Appendix A lists all species collected and 
identified; Appendix C is a tabulation of the numbers of 
species occurring per family per site.
Analysis
Demographic and pattern data were analyzed separately. 
Whenever parametric analyses were used, all data were first 
tested by UNIVARIATE procedure for normal distributions 
(using the residuals) and homoscedasticity (using residuals 
plotted against predicted values). Distributions not meeting
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the assumptions of ANOVA were transformed until the 
assumptions were met (Sokal and Rohlf 1981; SAS 1993). 
Replicated data
A split-split plot ANOVA (Sokal and Rohlf 1981) was 
used to analyze the following data sets, based on 16 plot 
replicates per site: basal area, plant and stem density, and 
species numbers and species proportions/stratum. Fixed 
effects were latitude and stratum, and random effects were 
site (within latitude) and plot (within site). For these 
analyses, basal area data were log-transformed, while plant 
density and stem density data sets were square-root 
transformed. Data for numbers of species per stratum, as 
well as for proportions of site total species per stratum, 
did not require transformation. Null hypotheses were that 
no differences in plot means existed between latitudes, 
between sites within latitudes, or among strata. Two sets 
of a priori orthogonal contrasts were run with each ANOVA 
(Table 2.2). The first set tested the single fixed effects: 
latitude was tested with site(latitude) as the error term; 
stratum was tested with plot(site(latitude)) as the error 
term. Effects of interaction between stratum and latitude 
were also tested with plot(site(latitude)) as the error 
term.
Species area curves were generated for each site. 
Methods of Platt and Schwartz (1990) were followed. For each 
site, curves based on observed distributions of species
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Table 2.2. Orthogonal contrasts of strata and 
latitude versus stratum used in the ANOVAs of 
replicated data, based on 16 plots per site. 
Error term is plot(site(latitude).
Stratum 
1+2+3 vs 4
1 vs 2+3
2 vs 3 
Latitude * stratum
(40° vs 30°) * (1+2+3) vs 4
(40° vs 30°) * 1 vs (2+3)
(40° vs 30°) * 2 vs 3
among the 16 plots were generated by selecting the plots in 
random order and obtaining the cumulative quantity of 
species with increasing area. This process was repeated 10 
times to obtain a mean observed distribution. The resulting 
curve was then compared to a predicted curve, created by 
1,000 Monte Carlo simulations in which the same numbers of 
species (in the same relative abundances) were independently 
distributed among the plots. Confidence intervals were 
constructed that contained 95% of the cumulative species 
expected within areas of increasing size. Linear regressions 
were fitted to the observed (means) species/area curves, 
using the 10 runs (per 16 plots) to generate the point 
scatter. These data were pooled and tested by ANOVA to 
determine differences between latitudes and among sites. 
Non-replicated data
Two data sets, abundance by species rank and frequency 
by size class, were comprised of combined site data rather 
than individual plot replicates. Frequencies of plants 
within 2 cm dbh incremental size classes were log- 
transformed and plotted against log-transformations of size 
classes. Species dominance was graphed as log abundance of 
species (regardless of stratum or size class) plotted 
against that species' rank. Linear regressions were fitted 
to the resultant curves for both sets of data. Size class 
data sets were tested for differences by ANOVA, with a 
nested model of sites within latitude. Log of species
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abundance was tested by ANCOVA for differences between 
latitudes and among sites, with species rank as the 
covariant; assumptions of this 2-slope model were that 
slopes were unequal between the latitudes, and were not 
equal to 0.
Spatial dispersion
Vertical structure was examined in two ways. First, 
locations of crowns of plants of individual species at each 
site were tabulated by vertical position. These data were 
tested by ANOVA, nesting site (random effect) within 
latitude (fixed effect), with a null hypothesis of no 
difference of proportion between latitudes. Second, species 
that occurred exclusively in one stratum were identified for 
non-statistical comparison of relative exclusivity and 
layering of species among strata at each individual site.
Horizontal structure was examined using nearest 
neighbor distances computed from Cartesian coordinates 
(Clark and Evans 1954). Nearest neighbor distances (y) were 
calculated for all woody plants based on stratum 
assignments. Five combinations of inter-stratum nearest 
neighbor distances— shrubs, subcanopy trees, canopy trees, 
lianas, and shrub layer/subcanopy combined—  were tested for 
deviation from random distribution relative to canopy trees.
The first test of spatial pattern (deviation from random 
distribution) used the algorithm developed by Donnelly 
(1978) based on observed versus expected distance of nearest
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neighbors within individual plots. "Edge effects" can be 
ignored in this method so that no data are sacrificed; see 
Diggle (1983) for justification. In the determination of 
randomness, the distribution of y is approximately normal, 
with mean and variance:
where A is plot area, 1(A) is the length of the plot 
boundary, and n the number of plants under comparison in 
each individual plot. When compared to the appropriate "z" 
statistic, significantly small or large values of the 
average y for each plot indicate aggregation or uniformity, 
respectively, of spatial dispersion (Diggle 1983). In this 
case, there were 16 zt statistics for each site. To test 
the null hypothesis of no aggregation at each site a Z test 
was done by considering that, under H0, Z; is approximately 
N(0,1), i = 1, . . ., 16. Hence,
0.051+ 0.0421
n &  h (A)
i
Var[y] = 0.07On'2 A + 0.037 [n~5 A] 2 1(A)
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;= 2>i „
' T6~ N( 0 , 716
2=_E.=4^
1
and our Z test statistic is:
The critical value of Z, for significance at a = 0.05, is 
1.96.
Nearest neighbor distances for each categorical 
comparison were tested by ANOVA to examine differences 
between latitudes, using a model of (random) sites nested 
within fixed effects of latitude. Because numbers of plants 
varied among the 16 plots per site, the dependent variable 
was Z| (which was already standardized for plot density), 
defined by:
„ - y-E{y) 
v/var (y)
where y was the average nearest distance per plot for each 
categorical comparison. For each test, the null hypothesis 
was that of no difference in plot means of inter-categorical 
distance, between latitudes or among sites.
Comparison of observed occurrences of nearest neighbors 
to expected distances based on random distribution of all
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plants within each plot was used to identify negative, 
positive, or non-significant correlations among stems of 
canopy and understory pairs of plants. Inter- and 
intraspecific dispersion were tested among canopy and 
understory stems, combining shrub layer and subcanopy as a 
single category and excluding lianas. Methods of 
Glitzenstein et al.(1986) were followed. For species 
populations with sufficient sample sizes (n > 20 for canopy 
trees, n > 25 for understory stems), inter- and 
intraspecific combinations were tested. A matrix comparison 
was performed (of single classification x2 tests) of 
expected versus observed proximity values of small stems of 
given species to canopy trees of given species. The equation
expresses the expected (f') occurrence (when combined at 
random) of a given species in the canopy as the nearest 
neighbor to a small stem of the same or another species, 
where S is the number of small stems, L is the number of 
large stems of the species in question, and N is the total 
number of canopy stems of all species. A second test, using 
the same algorithm, was run to detect non-random spatial 
dispersal among only canopy trees and conspecific juveniles 
in the shrub layer and subcanopy.
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Results
Demography and stand characteristics
Woody biomass of the forests, expressed as plot mean 
basal area, did not differ between the two latitudes. Total 
basal area, which was primarily a result of canopy and 
subcanopy contributions, did not vary significantly between 
latitudes (F12= 3.34, P = 0.21). Values ranged from 28m2/ha 
at Black Rock to 36m2/ha at Titi Hammock (Table 2.3). 
Although basal area among plots within sites was not 
significantly different (F6U186= 0 . 79 , P - 0.86; Table 2.4), 
sites differed within latitude (F260= 14 . 04 , P < 0.0001).
Individual stratum contributions to basal area differed 
significantly from each other (F3186= 568 . 95, P < 0.0001;
Table 2.4), but with little difference between the two 
latitudes (Figure 2.3). Canopy trees contributed 84.2% to 
88.9% of total basal area at three sites, but only 76.5% of 
the total basal area at Tunica Hills. Although proportional 
contributions of different strata within each site varied 
somewhat, especially between canopy and subcanopy, stratum 
basal area for shrubs, subcanopy, and canopy did not differ 
between 30° and 40°. At 40°, the shrub layer contributed 
0.5% or less of total basal area. At 30°, shrubs 
contributed less than 0.8% of the total basal area.
Subcanopy contribution ranged from 10% of basal area at 
Hueston Woods to 21% at Tunica Hills.
Table 2.3. Stand structure of the sites. Standard errors of densities 
and basal area are based on 16 plot replicates per site. Species and 
families are listed in Appendix 1. Canopy and occasional emergent crown 
heights (m) are approximate.
Species Canopy Basal
(Fami­ height Area
SITE Plants/ha Stems/ha lies) (Emergent) (m2)
Hueston Woods 2537 +139 2823 +158 44 2 0m 32.4
(19) (2 5m) +3.8
Black Rock 1402 +87 2153 +230 44 2 0m 28.0
(21) (25m) +3 . 0
Tunica Hills 1674 +123 2520 +203 68 25m 29.1
(32) (30m) ±8.5
Titi Hammock 1794 +201 2792 ±324 68 2 5m 35.5
(32) (30m) ±5.3
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Figure 2.3. Basal area per stratum by latitude, expressed as 
plot means of log transformed data.
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Table 2.4. Split-plot ANOVA table of the effects of 
latitude and stratum on basal area measured as the log of 
plant basal area per 1/16 ha. Main effect was latitude, 
with a split plot effect of site and a split-split plot 
effect of stratum. Latitude and strata were fixed; site 
and plot replicates were random. Stratum legend: 1)shrub 
layer; 2)subcanopy; 3)canopy; 4)liana. (*) denotes 
statistical significance at a = 0.05; R2 = 0.91.
Dependent variable: basal area
Source df
Mean
Square F P
Latitude 1 7.59 3 .34 0.2092
Site(Latitude) 2 2 . 27 14 . 04 0.0001*
Plot(Site(Latitude)) 60 0.16 0.79 0.8612
Stratum 3 117.22 568.95 0.0001*
(1+2+3) vs 4 1 168.75 819.01 0.0001*
1 vs (2+3) 1 164.23 797.09 0.0001*
2 vs 3 1 18.70 90.74 0.0001*
Latitude*Stratum 3 24.81 22.71 0.0001*
(40VS30)*(1+2+3)vs 4 1 13.57 65. 89 0.0001*
(40VS30)* 1 V S  (2+3) 1 0. 03 0.12 0.7279
(40VS30)* 2 VS 3 1 0.44 2.12 0.1471
Stratum*
Plot(Site(Latitude))
186 0.21
Total 255
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Interaction of latitude and stratum in basal area was 
significant (F, 186= 65.89, P < 0.0001; Table 2.4). However, 
this was a result solely of the increase in lianas at 30° —  
basal area of the other strata showed no interaction with 
latitude (Figure 2.3). Liana basal area at Tunica was 1.5% 
of the total, twice that of the shrub layer. At the other 
three sites, basal area of shrub layer stems was greater 
than that of lianas.
Relative density of individual plants and of total stem 
counts varied more among the sites than between latitudes. 
Numbers of woody plants ranged from 1400 plants/ha at Black 
Rock to 2500 plants/ha at Hueston Woods, while numbers of 
stems ranged from 2150 to 2800 at the same sites (Table
2.3). There was no significant difference between latitudes 
in plant density (F12= 0.02, P = 0.98; Table 2.5) or in stem 
density (F,2= 0.58, P = 0.53; Table 2.6). Despite the lack 
of difference among plots within sites in plant or stem 
density, both plant and stem density between sites within 
latitudes were significantly different (F260= 15.61, P < 
0.0001, Table 2.5; F260 = 3 . 90 , P = 0.03, Table 2.6).
The plant and stem densities of individual strata 
varied independently of each other with respect to latitude 
(Figure 2.4). Subcanopy and canopy tree density increased 
from 30° to 40° N while shrub layer and liana density 
decreased. Comparisons of individual stratum densities were 
significantly different at every level (Table 2.5 and 2.6).
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Table 2.5. Split-plot ANOVA table of the effects of 
latitude and stratum on plant density measured as the 
square root of number per 1/16 ha. Main effect was 
latitude, with a split plot effect of site and a split- 
split plot effect of stratum. Latitude and strata were 
fixed; site and plot replicates were random. Stratum 
legend: 1)shrub layer; 2)subcanopy; 3)canopy; 4)liana.
(*) denotes statistical significance at a =0.05; R2 =0.80.
Dependent variable: plant density
Source df
Mean
Square F P
Latitude 1 0. 03 0. 02 0.9797
Site(Latitude) 2 38.44 15. 61 0.0001*
Plot(Site(Latitude)) 60 2.46 1.28 0.1090
Stratum 3 353.99 183.96 0.0001*
(1+2+3) * 4 1 669.67 348.02 0.0001*
1 * (2+3) 1 10.01 5.20 0.0237*
2 * 3 1 382.29 198.67 0.0001*
Latitude*Stratum 3 39.33 20.44 0.0001*
(40VS30)*(1+2+3)vs 4 1 74 .33 38. 63 0.0001*
(4 0vs3 0)* 1 vs (2+3) 1 42 .17 21.92 0.0001*
(40vs30)* 2 vs 3 1 1.50 0.78 0.3786
Stratum*
Plot(Site(Latitude)) 186 1.92
Total 255
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Table 2.6. Split-plot ANOVA table of the effects of 
latitude and stratum on stem density measured as the 
square root of number per 1/16 ha, with all multiple 
trunks per plant included. Main effect was latitude, with 
a split plot effect of site and a split-split plot effect 
of stratum. Latitude and strata were fixed; site and plot 
replicates were random. Stratum legend: 1)shrub layer;
2)subcanopy; 3)canopy; 4)liana. (*) denotes statistical
significance at the level of a = 0.05; R2 = 0.77.
Dependent variable: stem density
Source df
Mean
Square F P
Latitude 1 9 .77 0.58 0.5266
Site(Latitude) 2 16. 90 3 . 90 0.0255
Plot(Site(Latitude)) 60 4 .33 1.37 0.0584
Stratum 3 506.49 160.19 0.0001*
(1+2+3) * 4 1 909.81 287.75 0.0001*
1 * (2+3) 1 124.22 39.29 0.0001*
2 * 3 1 485.44 153.53 0.0001*
Latitude*Stratum 3 52 . 50 16. 60 0.0001*
(40vs30)* (1+2+3)vs 4 1 74 .30 23 . 50 0.0001*
(40vs30)* 1 v s (2+3) 1 82.92 26.23 0.0001*
(40VS30)* 2 vs 3 1 0. 28 0. 09 0.7677
Stratum*
Plot(Site(Latitude) ) 186 3 .16
Total 255
The interactions of stratum with latitude were also 
significant. Although patterns of relative subcanopy and 
canopy tree densities did not differ between latitudes (both 
increase from 3 0p to 4 0°) , lianas and shrub layer density 
change inversely to densities of trees (subcanopy and canopy 
combined) from 30° to 40° (Figure 2.4). These differences 
were significant for both plant and stem densities (Table 
2 5. and 2.6).
At all sites, small trees were the most abundant 
component; frequency decreased as sizes increased. Maximum 
tree sizes were slightly less than 1 m dbh at all sites 
(Figure 2.5). There were fewer small stems at Black Rock and 
Tunica than at Hueston and Titi. Hueston, Tunica, and Titi 
had somewhat more large trees than did Black Rock. 
Nonetheless, frequency distributions of the sizes were not 
different either at the two latitudes (FJ2 =0.49, P = 0.56) 
or for sites within latitudes (F2181= 1.74, P = 0.18; Table 
2.7). Both slopes and intercepts of the fitted regression 
lines were similar among sites and latitudes, with high R2 
values; none of these was significantly different. 
Composition
Despite some canopy trees in common--especially Faqus 
qrandifolia and several Ouercus. Carva. and Fraxinus spp.—  
the species composition differed considerably between 
forests at 3 0° and 4 0° N. Numbers of both species and 
families at 40° north were two thirds of those at 30° (Table
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Figure 2.5. Log(frequency) of stems in 2 cm size classes 
graphed as a function of log(mean size) of the size class. 
The solid line is the best fit of linear regression and 
dotted lines are 95% confidence intervals.
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Table 2.7. ANOVA of latitudinal difference of square root 
transformed log(frequency) by log(mean size) for non­
replicated site data sets.
Dependent variable: log(frequency)
Source df
Mean
square F P
Latitude 1 0.17 0.49 0.5558
Site(Latitude) 2 0. 35 1.74 0.1780
Error 181 0.20
Total 184
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2.3). Species and families also varied somewhat among 
forests at the same latitude (see Appendix A ) . Hueston Woods 
and Black Rock each had 44 species, in 19 and 21 families, 
respectively; Titi Hammock and Tunica Hills each had 68 
species, in 32 families each. These latitudinal differences 
were significant (F, 192 = 4.81, P = 0.03; Table 2.8). Species 
area curves (Figure 2.6) reached asymptotes more quickly at 
4 0° than at 3 0° N, suggesting greater heterogeneity of 
species distribution in the warm-temperate forest sites. At
3 0° N there were more species per hectare, but no more
species in each 0.0625ha plot.
ANOVA of the curves of log(abundance) by species rank
(Figure 2.7) showed no significant differences among the 
means of relative abundance of species at 30° and 40° N (FI2= 
4.07, P = 0.18; Table 2.9). However, interaction of species 
rank with latitude was significant (F1217= 195. 98, P <
0.0001). Tunica and Titi had somewhat more even 
distributions of species numbers, that is, fewer very common 
species with large populations, than did the forests at 40° 
north. Conversely, Hueston and Black Rock had somewhat 
larger numbers of plants in their most common species, and 
far fewer rarer species, than did the forests at 3 0° N; the 
warm temperate forests had significantly more shrub and 
liana species.
Despite the difference in total numbers of species per 
latitude based on 1 ha samples, neither numbers of species
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Figure 2.6. Species area curves: observed curves are the 
average of ten random selections of the 16 plots per site; 
predicted curves are the result of 1000 Monte Carlo runs 
with each species appearing with the same frequency as 
actually observed. 95% confidence intervals were constructed 
for the predicted curves.
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Table 2.8. ANOVA of latitudinal difference of site total 
numbers of species, with sites as replicates within 
latitude, and plots replicated within sites.
Dependent variable: # species/plot
Source df
Mean
square
Latitude 119.63 4.81 0.0294*
Site(Latitude) 43.99 1.77 0.1730
Plot(Site*Latitude) 60 14.00 0.56 0.9948
Error 192 24 .85
Total 255
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Table 2.9. ANCOVA of latitudinal difference of square root 
transformed log(abundance) of the species by rank for non­
replicated site data sets. (Model does not assume equal 
slopes.) Error for latitude is site(latitude). R2 = 0.95.
Dependent variable: log(abundance)
Covariant: species rank
Mean
Source df square F P
Rank 1 36.48 5554.85 0.0001*
Latitude 1 0.10 0.26 0.6583
Rank*Latitude 1 1.29 195.98 0.0001*
Site(Latitude) 2 0.38 58.29 0.0001*
Error 217 0. 01
Total 222
per stratum nor proportions of species per stratum was 
significantly different at 40° and 30° N (Figure 2.8).
Despite significant variation among plots within sites, 
average numbers of species per stratum within plots were 
similar between latitudes (F1>2= 2.72, P = 0.24; Table 2.10) 
and between sites within latitude (F2 60= 3 . 14 , P = 0.05). 
Likewise, proportions of species per stratum were similar 
both between sites within latitudes (F2 60= 1 . 31 , P = 0.28; 
Table 2.10) and between latitudes (F12= 0.61, P = 0.52). 
Proportions of shrub layer species were similar to subcanopy 
and canopy combined (F1186= 0.18, P = 0.67) but all other 
contrasts of species numbers and proportions among strata 
were significantly different (Table 2.10 and 2.11). Canopy 
and subcanopy species differed from each other, as did the 
liana numbers compared to all other strata. These results 
suggest that the while the shrub layer species may be 
consistently proportional to (and partially comprised of) 
species of potential subcanopy and canopy stature, the 
vertical strata contain different species. In numbers of 
species per stratum, individual plots differed significantly 
(F60ii86= 1-79, P = 0.0017; Table 2.10); however, proportions 
of species per stratum were the same for all plots within 
sites within latitudes (F6(ll86= 0 . 00 , P = 1.00; Table 2.11).
In addition, since number of species per 0.0625ha is not 
different between latitudes, but total species are much
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plot means.
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Table 2.10. Split-plot ANOVA table of the effects of 
latitude and stratum on species composition measured as 
the number of species per stratum per 1/16 ha. Main effect 
was latitude, with a split plot effect of site and a 
split-split plot effect of stratum. Latitude and strata 
were fixed; site and plot replicates were random. Stratum 
legend: 1)shrub layer; 2)subcanopy; 3)canopy; 4)liana. (*) 
denotes statistical significance at a = 0.05; R2 = 0.75.
Dependent variable: number of species/stratum
Source df
Mean
Square F P
Latitude 1 119.63 2.72 0.2409
Site(Latitude) 2 43 . 99 3 .14 0.0503
Plot(Site(Latitude)) 60 14.00 1. 79 0.0017*
Stratum 3 947.33 121.33 0.0001*
(1+2+3) * 4 1 2390.66 306.19 0.0001*
1 * (2+3) 1 34.44 4.41 0.0371*
2 * 3 1 416.88 53 .39 0.0001*
Latitude*Stratum 3 158.67 20.32 0.0001*
(40vs30)*(1+2+3)vs 4 1 19 . 06 2 . 44 0.1199
(40vs30)* 1 vs (2+3) 1 374.07 47.91 0.0001*
(40vs30)* 2 vs 3 1 82 . 88 10. 62 0.0013*
Stratum*
Plot(Site(Latitude)) 186 7 .81
Total 255
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Table 2.11. Split-plot ANOVA table of the effects of 
latitude and stratum on species composition measured as 
the proportion of species (present at the site) per 
stratum per 1/16 ha. Main effect was latitude, with a 
split plot effect of site and a split-split plot effect of 
stratum. Latitude and strata were fixed; site and plot 
replicates were random. Stratum legend: 1)shrub layer;
2)subcanopy; 3)canopy; 4)liana. (*) denotes statistical
significance at a = 0.05; R2 = 0.72.
Dependent variable: proportion of species/stratum
Source df
Mean
Square F P
Latitude 1 0.10 0. 61 0.5166
Site(Latitude) 2 0.16 1.31 0. 2771
Plot(Site(Latitude)) 60 0. 12 0. 00 1.0000
Stratum 3 11689.6 13 7.14 0.0001*
(1+2+3) * 4 1 31301.3 367.22 0.0001*
1 * (2+3) 1 15 . 44 0.18 0.6709
2 * 3 1 3751.95 44.02 0.0001*
Latitude*Stratum 3 1978.76 23.21 0.0001*
(40VS30)*(1+2+3)vs 4 1 1071.16 12 . 57 0.0005*
(40VS30)* 1 vs (2+3) 1 4380.75 51.39 0.0001*
(40vs30)* 2 vs 3 1 484.38 5.68 0.0181*
Stratum*
Plot(Site(Latitude)) 186 85 . 24
Total 255
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greater at 3 0°, one may infer greater spatial homogeneity at 
40°, as illustrated by the species area curves (Figure 2.6).
For species numbers and proportions, the interaction of 
stratum with latitude was significant (Figure 2.8). Only 
numbers of liana species did not change relative to the 
changes in all other strata between latitudes (F1I86= 2 . 44 , P 
= 0.12; Table 2.10). Canopy tree species increased 
significantly at 40°, while the subcanopy did not change. 
However, increases in local diversity at 30° N were not a 
result of canopy plus subcanopy increases at the plot level.
At 40° N the subcanopy contained more species than 
any other stratum; at 3 0° N, however, the shrub layer was 
the most speciose stratum (Table 2.12). In three forests, 
about half of all species were represented as canopy trees; 
at Titi, canopy tree species were only a third of total 
species. Liana species at 3 0° N were three times the number 
(and twice the proportion of total species) of lianas at 40° 
N. Although some of the increased numbers of species at 3 0° 
were attributable to the subcanopy stratum, the greatest 
differences occurred in the shrub layer and liana strata 
(Figure 2.8, Table 2.12). Greater species richness in the 
warm temperate forests, then, was principally the result of 
increased species diversity of lianas (especially at 
Tunica), shrub species and small saplings (at Titi).
Species present in only one stratum were more 
numerous at 30° than at 40° N (Table 2.11), particularly in
Table 2.12. Number of species appearing in each stratum (all) and 
number of species appearing exclusively in that stratum (exc).
Shrub layer Subcanopy Canopy Liana
Total 
SITE Species
all_____ exc_____all exc_____all exc__________
Hueston
Woods 44 27 3 33 4 25 3 4
Black
Rock 44 20 3 31 5 24 6 3
Tunica
Hills 68 37 10 35 5 28 8 11
Titi
Hammock 68 50 17 41 3 19 2 8
the understory. In both sites at 40° north, only 3 species 
occurred exclusively in the shrub layer, compared to 10 at 
Tunica and 17 at Titi. Also included in the shrub layer and 
subcanopy counts at 30° N were several juveniles of 
potential canopy trees that were not represented as adults. 
The subcanopy, in contrast, had almost equal numbers of 
exclusive species in the north to those in the south: 4 and 
5 at Hueston and Black Rock as opposed to 5 and 3 at Tunica 
and Titi. The numbers of exclusively canopy species 
reflected neither of these trends (Table 2.11, column 6). 
Number of species occurring only as canopy trees was 3 at 
Hueston Woods, 6 at Black Rock, 8 at Tunica, and only 2 at 
Titi. The major source of increased diversity in forests at 
3 0° over 4 0° N was in the shrub layer and liana species. 
Spatial dispersion
Patterns of dispersion, as illustrated by representative 
plot maps (Figure 2.9), appeared to vary locally among plots 
and among stratum categories, but analysis showed several 
consistent trends at both latitudes. Canopy trees were 
randomly distributed with respect to other canopy trees 
within plots in all four forests (Table 2.13, column 1). 
Although the average nearest neighbor distance among canopy 
trees was somewhat greater at 30° (4.81m, 4.96m) than at 40° 
(3.33m, 3.66m), there was no significant difference between 
latitudes in nearest neighbor distances once differences in 
tree density were removed (Fl2= 0.67, P = 0.50; Table
(00 .25) ( 25.25)
(oc.::) pio t7 !3  (2s.oo)
Figure 2.9. Representative mapped plots (25m x 25m) from 
each of the sites. Circles are proportional to trunk 
diameter (not crown width). Canopy trees are open circles; 
stems of all other strata are filled circles.
a) Hueston Woods
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2.13a). Similarly, distances were not different between 
sites within latitudes (F2 60= 0.25, P = 0.78; Table. 2.10a). 
Although canopy trees were somewhat less numerous in the 
warm temperate forests, suggesting a less uniform canopy 
cover, neither (random) pattern nor relative inter-tree 
distance was significantly different from those of the 
northern forests. The actual tree-tree distance was greater 
at 3 0° N, but was caused by lower densities of canopy trees, 
not a difference in spatial pattern.
In the sites at 3 0° N distances between subcanopy 
trees and canopy trees were also greater than at 40°. 
Although subcanopy tree distances relative to canopy stems 
ranged from 2.76m to 4.30m, plot means were not different 
between latitudes (F12= 0.03, P = 0.88; Table 2.14c). At 
all sites subcanopy stem distribution was significantly 
uniform in relation to the canopy trees (Table 2.13, column 
3). This suggests that subcanopy trees tend to be located 
away from canopy trees in a relatively uniform pattern, 
while canopy trees tended to be randomly located relative to 
other canopy trees.
Shrub layer plants were randomly dispersed relative to 
canopy trees at Black Rock; at the other sites they were 
uniformly distributed in relation to canopy trees, at 
distances ranging from 2.77m to 4.46m (Table 2.13, column 
2). Nearest neighbor distances among shrub layer and canopy 
trees were not different between latitudes (F12= 1.98, P =
Table 2.13. Summary of z statistic tests of deviation from random dispersal 
among nearest neighbors within the canopy stratum and for other strata 
relative to canopy trees. Ns (0) = random distribution; negative values 
indicate aggregation; positive values indicate uniformity of spatial 
dispersion (p < 0.05). Average distance(m) to nearest neighbor (+ standard 
deviation), and the numbers of plants used in each comparison (n) are 
given.
Shrub and
Site Canopy Shrub layer Subcanopy subcanopy Liana
Hueston 0.32 ns 41.47 * 94.28 * 174.10 * 6.13 *
Woods 3.66 + 0.91 3.29 ± 0.84 3.33 + 0.82 3.30 + 0.84 2.98 ± 2.86
n=27 3 n=840 n=1348 n=2188 n=76
Black 1.01 ns -5.16 ns 20.78 * 38.29 * -8.14 *
Rock 3.33 ± 0.82 2.77 ± 0.63 2.76 + 0.46 2.73 + 0.43 0.88 + 0.31
n=3 31 n=289 n=776 n=1065 n=6
Tunica 0.71 ns 42.54 * 50.11 * 122.72 * -1.38 ns
Hills 4.81 ±  1.09 4.46 ± 1.24 4.30 ± 1.02 4.35 + 1.07 3.15 ± 0.77
n=166 539 n=691 n=1230 n=278
Titi 1.44 ns 69.64 * 51.91 * 154.33 * -9.57 *
Hammock 4.96 ± 1.03 3.84 + 1.15 4.06 ± 0.63 4.02 + 0.68 3.48 + 2.02
n=168 n=865 n=704 n=1569 n=57
0.29; Table 2.14b), but differed significantly between sites 
(F2 60= 5 . 29 , P = 0.008). Combined shrub layer and subcanopy 
stems were significantly and uniformly distributed in 
relation to canopy trees (Table 2.13, column 4). Nearest 
canopy neighbor distances to understory stems varied from 
2.72m at Black Rock to 4.13m at Titi, but although mean 
distances at sites within latitude differed significantly 
(F2 60= 9. 09 , P = 0.0004; Table 2.14d) there was no difference 
between latitudes (F12= 0.18, P = 0.71). These results 
suggest that in the warm temperate forests the shrubs, 
mature subcanopy trees and juveniles of canopy trees all 
have an uniform, interstitial dispersion relative to canopy 
trees.
Spatial dispersion of liana populations relative to 
canopy trees was the most variable of all strata compared 
(Table 2.13, column 5). Lianas were randomly dispersed only 
at Tunica, where they were also most numerous (n = 278/ha) 
and largest in diameter. At Hueston Woods, lianas were 
uniformly dispersed relative to the canopy, and at Titi and 
Black Rock the lianas were aggregated relative to the canopy 
trees. Mean nearest neighbor distances, adjusted for 
density, were not different between latitudes (F12= 1.38, P 
= 0.36; Table 2.14e), but did differ significantly among 
sites (F25a= 7.39, P = 0.0014). Lianas also had the most 
variable of all inter-stratum distances to nearest canopy
Table 2.14. ANOVAs of latitudinal differences of nearest 
neighbor distances among strata, within 16 replicate plots per 
site. Latitude is a fixed effect, with random sites nested 
within latitude. Dependent variable is the z-, o f  distance 
between individual plants: the difference between observed and
expected distances 
(see methods). a =
, divided by 
0.05.
the square root of the variance
a) Canopy trees
Source df Mean square F P
Latitude 1 0.17 0.67 0.4996
Site(latitude) 2 0.25 0.25 0.7778
Error 60 1.00
Total 63
b) Shrub layer and canopy trees
Source df Mean square F P
Latitude 1 1439.30 1.98 0.2947
Site(latitude) 2 727.03 5.29 0.0076*
Error 60 137.38
Total 63
c) Subcanopy and canopy trees
Source df Mean square F P
Latitude 1 42 .47 0. 03 0.8756
Site(latitude) 2 1351.00 9.04 0.0004*
Error 60 149.50
Total 63
d) Shrub layer, subcanopy, and canopy trees
Source df Mean square F P
Latitude 1 865.50 0.18 0.7132
Site(latitude) 2 4830.04 9.09 0.0004*
Error 58 531.14
Total 61
e) Lianas and canopy trees
Source df Mean square F P
Latitude 1 26.11 1.38 0.3606
Site(latitude) 2 18.88 7.39 0.0014*
Error 58 2.55
Total 61
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tree neighbor, ranging from an average of 0.88m at Black 
Rock to 3.4 8m at Titi Hammock.
Specific associations
Analysis of associations of interspecific pairs between 
canopy and understory trees did not demonstrate definitive 
differences between forests at 30° and 40° north latitudes. 
Rather, different interspecific associations at individual 
sites (Table 2.14 a-d) appeared to reflect local edaphic 
conditions, particularly those of slope and moisture. In 
general, fewer than half the species considered to be 
understory specialists were randomly dispersed without 
regard to species of nearest canopy tree neighbor. These 
included Ilex opaca (Titi, Tunica), Lindera benzoin, Ostrva 
virqiniana (Hueston, Tunica), Halesia diptera. Stvrax 
qrandiflora and Symplocos tinctoria (Tunica), and 
Amelanchier sanguinea (Black Rock). Other subcanopy and 
shrub layer plants were strongly and positively associated 
with some canopy species and negatively with others. The 
most striking of these included Carpinus caroliniana. which 
was positively associated with Liquidambar stvraciflua at 
Titi and Tunica, and negatively with all other trees. Acer 
saccharum at Tunica was positively associated with Faqus 
qrandifolia. and negatively with all other trees. Two shrub 
species at Black Rock each had one positive canopy 
association and were negative for all other trees: Vaccinium
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sanguineum with Acer rubrum and V. corvmbosum with Ouercus 
prinus.
Associations of juveniles of canopy species with canopy 
trees of different species were significantly non-random. At 
Titi, both L. stvraciflua and M. qrandiflora were positively 
associated with Pinus glabra; juveniles of all species were 
negatively distributed relative to F. grandifolia. At Black 
Rock, Acer rubrum was positively associated with Ouercus 
prinus. and F. grandifolia negatively with A. saccharum. At 
Hueston, Acer nigrum and A. saccharum were negatively 
associated with Juglans nigra, but other species' juveniles 
were randomly dispersed with respect to J. nigra.
Canopy/understory (adult/juvenile) associations within 
the same species of common dominant trees varied among the 
different forests. For example, at Titi Hammock, F. 
grandifolia juveniles were negatively associated with 
conspecific canopy trees, while at Tunica and Black Rock the 
association was positive, and at Hueston the association was 
random (not significant). M. qrandiflora juveniles were not 
proximate to conspecific adults at Titi, nor were A. 
saccharum saplings near adult maples at Hueston Woods. In 
general, however, juvenile plants' positions relative to 
conspecific canopy dominants were either positive or random 
(rather than negative); such species included Pinus glabra. 
Betula alleqhensis. and Acer rubrum.
Table 2.15. Spatial distribution of understory (subcanopy) and juveniles of-canopy 
tree species around canopy trees. Tabulated values are differences between observed 
nearest neighbor frequencies for small stems relative to large stems from randomly 
expected nearest neighbor frequencies, based on proportion of each species of canopy 
tree in the site population. Positive numbers indicate more large trees than expected 
as nearest neighbors; negative numbers indicate fewer large trees than expected. 
Sample sizes are given in parentheses. For each row, differences from random 
assortment are tested with a single classification x2 test for goodness of fit (Sokal 
and Rohlf 1981): (*) denotes significance at the level of a = 0.05.
a) Hueston Woods Canopy trees (N = 258)
Understory
species
Acer
sacch.
(50)
Faqus
arand.
(35)
Jualans
niara
(23)
Other
trees
(150)
x2
Fraxinus
auadranctulata (36)
-2.3 -2.3 -3.0 8.2 8.5
*
Carcinus
caroliniana (27)
-1.9 -0.9 -0.3 3.2 1.7
ns
Lindera
benzoin (43)
0.1 -2.9 -2.6 5.4 4.2
ns
Ulmus
rubra (80)
7.3 -12.7 12 . 3 -7.0 38.0
A *
Asimina
triloba (66)
-0.1 10.9 -5.6 -5.3 16.2
**
(con'd.)
Cornus 
florida (192)
0.8 21.8
Total (444) 0.2 2.4
Canopy species:
Acer -16.7 -12.7
nigrum (113)
Acer -9.0 -10.0
saccharum (1163)
Faaus -2.2 -0.2
grandifolia (105)
Prunus 6.7 -0.3
serotina (51)
Ulmus -7.9 10.1
americana (103)
Fraxinus -2.6 -0.6
americana (25)
Total (1560) 3.5 0.7
(con'd.)
-15.2 -7.5 28.4
**
5.5 0.0 8.1
ns
-8.5 37.9 52.0
* it
-25.0 44.0 10.25
*
-1.8 4.3 0.97
ns
-4.3 -2.0 9.2
*
6.3 -8.6 14.64
*
1.9 1.3 3.34
ns
7.5 6.9 18.6
**
•vj
CO
b) Black Rock Canopy trees (N = 331)
Acer Ouercus Betula Lirio. Acer Ouercus Faqus Other
rubrum velut. alleq. tulip. sacch. prinus grand. trees *
Understory
species (69) (59) (27) (24) (24) (24) (20) (84)
Amelanchier 1.7 4.0 -2.3 -1.0 -1.0 1.0 -1.7 -0.1 8.9
sanquinea (28) ns
Carpinus 10.2 -5.0 -1.3 -1.0 3.0 -1.0 -1.7 -3.1 31.8*
caroliniana (28) *
Hamamelis -1.2 -7.4 2.3 -4.0 7.0 15.0 -8.7 -3.0 29.3
virqiniana (193) **
Vaccinium 27.2 -14.2 0.3 -0.6 -7.6 -1.6 -6.2 2.8 52.0
stamineum (119) **
Vaccinium 1.4 -0.8 -0.2 -2.0 -2.0 10.0 -1.6 -4.9 61.0
corvmbosum (27) **
Total (395) 18.3 8.3 0.0 2.6 0.0 20.1 16.6 2.4 68.39
**
Canopy species:
Acer
rubrum (182) -4.9 5.6 -2.8 -5.2 -7.2 23.8 -8.0 -1.2 56.9
* *
Acer -11.8 -3.5 3.3 7.6 10.6 -2.4 -7.6 3.7 30.3
saccharum (143) **
Betula 1.7 -0.1 2.7 2.1 0.1 -0.9 -1.4 -4.2 7.0
alleqhensis (40) ns
£a.3us. -23.2 -4.0 2.6 -3.2 0.8 -1.2 32.-5 -4.5 146.6
grandifolia(140) **
HY-gsa -2.9 -5.8 -0. 1 -2.8 -2.8 3.2 -2.3 13.4 36.1
svlvatica (38) **
Total (543) 14.9 0.6 0.7 0.1 0.1 12.8 5.3 0.4 34.9
c) Tunica Hills
Understory
species
Acer
saccharum
Carpinus
caroliniana
Cornus 
florida
Halesia
diptera
Ilex
opaca
Lindera
benzoin
Ostrva
virainiana
Prunus
caroliniana
Stvrax
qrandiflora
Svmplocos
tinctoria
(55)
(136)
(90)
(59)
(36)
(33) 
(76)
(100)
(34) 
(53)
(con'd.)
xi
Canopy trees (N = 166)
Liauidambar Fagus Other
stvraciflua grandifolia trees
(35) (27) (104)
-7.6 24.1 -12.5 74.2
**
18.3 -5.1 -13.2 14.9
**
-9.0 -0.6 9.6 5.9
*
-1.4 -2.6 4.0 1.3
ns
4.4 -4.9 0.4 6.6
*
3.0 -4.4 1.3 5.0
ns
-7.0 -2.4 9.4 5.4
ns
-7.1 2.7 4.3 3.1
ns
2.8 -0.5 -2.3 1.5
ns
- 0.2 - 2.6 2.8 1.0
ns
oo
Total (672)
Canopy species: 
Carva
glabra (30)
Faaus
arandifolia (275) 
Magnolia
grandiflora (88)
Total (393)
(con'd.)
0.1 0.1 0.0 0.2
ns
-2.3
- 21.8
-3.6
8.7
-0.9
24.6
6.7
24.3
3.2
-2.7
-3.1
0.0
1.6
ns
21.5 
* *
4.00
ns
23.0
**
00
w
d) Titi Hammock
Magnolia
Understory qrandiflora
species
(39)
Carpinus -6.7
caroliniana (29)
Cornus 8.4
florida (330)
Ilex 2.8
ooaca (87)
Ostrva -16.1
virginiana (190)
Svmplocos -17.4
tinctoria (105)
Total (741) 4.9
Canopy species:
Fagus 1.5
grandifolia (276)
Liquidambar 4.1
stvraciflua (36)
(con'd.)
Canopy trees (N =168)
grandifolia glabra stvraciflua trees x
Fagus Pinus Liquidambar Other ^
:re
(50)(36) (22) (21)
-6.2 -3.8 17.4 -0.6 100.0
**
19.3 25.8 -3.3 -50.2 47.5
**
-3.6 5.6 1.1 -5.9 5.1
ns
-14.7 34.1 6.3 -9.5 61.24
**
-9.5 1.3 -4.1 29.8 46.13
* *
1.4 40.9 3.3 6.0 56.6
* *
-5.6
- 1.6
-2.1
10.4
1.3 4.9 5.2
ns
-7.1 -5.7 19.6
**
co
oo
Magnolia -10.7
arandiflora (59)
Pinus -0.9
glabra (90)
Ouercus -1.3
alba (27)
Ouercus -2.4
falcata (45)
Ouercus 4.1
haemisnherica (90)
Ouercus 6.6
nigra (88)
Total (711) 0.0
-9.6
-5.3
-3.8
- 6.6
-13.3
-9.9
27.5
9.3
-3.8
-1.5
2.1
0.2
4.5
9.6 
-2.3
1.6 
6.4
-2.3
6.0
1*. 4 
12.2 
4.7 
0.6 
11.2 
-7.2
39.5 
a a
8.7
ns
7.3
ns
13.2 
*
15.1 
a a
14.3 
*
5.3 2.6 3.1 38.5
A A
00
At all four sites, locations of subcanopy trees and 
shrubs were less likely to be near (or associated with) 
canopy tree trunks than were canopy tree juveniles of the 
same or different species (Table 2.15a-d). That is, 
presumptive gaps or interstices among canopy trees tended to 
be occupied less by juveniles of potential canopy trees than 
by understory "specialists". However, the patterns of 
distribution of understory stems were somewhat more random 
at Hueston Woods (4 0° north), suggesting a longer cycle of 
replacement in that forest than at the other three. 
Discussion
Data from this study suggest that seasonal hardwood 
forests at different latitudes in eastern North America are 
similar in many respects. Basal area, overall plant and stem 
densities, vertical stratification, and, to a somewhat 
lesser degree, taxonomic composition of the dominant 
elements, did not change with latitude. Despite significant 
differences in abundance and density of understory plants 
(e.g, fewer small stems at Black Rock, and proportionally 
more at Titi), relative mean size class distributions for 
canopy trees were also quite comparable for all sites. 
Horizontal patterns of dispersion among stratum categories 
did not differ among the sites or between latitudes. While 
canopy trees were randomly dispersed at all sites, non- 
random patterns of dispersal among understory trees, shrubs 
and lianas (relative to the canopy trunks) were
Table 2.16. Summary of differences of structural and demographic 
characteristics between the forests at 3 0° and those at 40° north latitude.
Attribute
Basal area
Density
Species numbers/%
Horizontal pattern
Vertical pattern
Differences
(No difference in total basal area)
Lianas increase significantly at 3 0°
(No difference in overall or canopy tree density) 
Significant increase in both shrub layer and liana 
density at 3 0°
Significantly more species at 3 0°.
Significant interaction of species per stratum 
with latitude: proportionaly fewer canopy species, 
more in other strata at 3 0° than at 40°
(All canopy trees randomly dispersed)
Understory plants significantly more uniformly 
dispersed relative to canopy trees at 3 0° than 40°
Several canopy trees at 40° with no juveniles 
present in the understory
Trees at 3 0° represented in most size classes 
More open canopy at 30° offset by more varied, less 
stratified understory
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significantly uniform relative to tree trunks. Despite 
these similarities, however, there were significant, 
latitude-specific differences in species richness, vertical 
distribution of species, proportions of subcanopy trees, 
shrubs, and lianas relative to canopy tree numbers, and of 
local horizontal patterns of species associations among the 
sites.
Increased numbers of species at the southern sites 
were not equally distributed among the four vertical strata. 
The major source of increased diversity in forests at 30° 
over 4 0° N was in the shrub layer and liana species.
Although Hueston Woods had large numbers of juveniles of 
canopy dominant species and significant populations of 
subcanopy trees, neither northern site had many shrubs, 
either in species or number. The understory at 30° N, in 
contrast, had more juveniles of canopy trees and greater 
density of subcanopy trees (see Marks and Harcombe 1975, 
Platt and Schwartz 1990). Titi Hammock had relatively 
numerous shrub species, and Tunica had high liana diversity. 
Both these attributes may be related to high frequencies of 
disturbance (Glitzenstein et al. 1986). In the southern 
forest samples there were juveniles of potential canopy 
trees (e.g. Plnus. Carva. Aleurites. Paulownia. and 
Fraxinus) for which no canopy-sized adults were present. 
Presence of some of these juveniles may represent a mass 
effect (local occurrence of species— especially exotics—
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that will not survive to reproductive age; Shmida and Wilson 
1985); the mass effect suggests frequent canopy disturbance. 
The profusion and diversity of lianas at Tunica (and of many 
smaller uncensused vines at Titi) also suggests continual 
canopy disturbance in the southeastern forests (see Hegarty 
and Caballe 1991). It has been suggested that within-gap 
light levels are more heterogenous but more restricted at 
higher latitudes (Poulson and Platt 1989). The canopy trees 
were less dense in the southern forests, resulting in higher 
understory light levels even without gaps.
The patterns of woody understory vegetation— shrubs, 
small-statured trees, and the juveniles of canopy dominant 
species— are both palimpsests of past dynamics and 
precursors of the future subcanopy and canopy species 
assemblages (Fox 1977, Harcombe and Marks 1977, White 1979, 
Woods 1979, Lorimer 1980, Glitzenstein et al. 1986).
Harcombe and Marks (1977) have demonstrated a negative 
association between abundances of overstory and understory 
species, suggesting that understory species can suppress 
overstory species juveniles in the understory (also see 
Ehrenfeld 1980) . Therefore, even assuming widespread and 
random dispersal of seeds, juveniles of canopy species 
(regardless of adult overstory location) are not necessarily 
randomly dispersed (Platt and Hermann 1986).
Prior hypotheses that might account for structural 
distinctions between northern and southern hardwood forests
range from strictly autogenic to primarily abiotic dynamics 
(see Runkle 1981, 1985). On one hand are niche 
specialization (competitive divergence) hypotheses (Fox 
1977, Harcombe and Marks 1977, Whittaker 1975, Barden 1979, 
and see White 1979); on the other is the predominance of 
abiotic stand disturbance history (Raup 1964, Lorimer 1980, 
Canham and Marks 1985, Glitzenstein et al. 1986, Platt and 
Schwartz 1990). While temperate forest gap size is 
relatively constant (Runkle 1985), understory light levels 
may be seasonally highly variable (Canham et al. 1990). Such 
variation may be increased by canopy openings not related to 
treefall gaps, but to thinning of tree limbs and partial 
defoliation by windstorms (Platt and Hermann 1986). In the 
southeastern forests, these abiotic disturbance events may 
supersede gap/phase dynamics as the primary source of 
opening both for seedling recruitment and for eventual 
attainment of canopy stature. If so, we hypothesize that 
such differences are reflected in the spatial and numerical 
relationships between the canopy and understory species in 
forests affected by frequent— if not regular— non- 
catastrophic canopy perturbations, i.e, hurricanes. We have 
found higher stem density and within-stratum diversity, more 
randomness of spatial dispersion among species, and less 
defined physical stratification of species assemblages into 
vertical layers (see Smith 1973, Terborgh 1985)in southern 
forests than in northern forests where widespread canopy
90
disturbance infrequently "resets the clock" of successional 
chronology (Whittaker 1975, Harcombe and Marks 1977, Poulson 
and Platt 1989). Additional hypotheses for increased 
understory diversity and faster turnover in the southeastern 
forests include longer and warmer growing season promoting 
weaker, shorter-lived shrubs and small trees, and the 
effects of frequent re-disturbance (Putz and Sharitz 1991).
Preponderance of species exclusively represented in 
the taller strata in the sites at 40° suggests that they 
were more temporally structured than were the warm temperate 
forests. That is, both Black Rock and Hueston Woods had 
many adult canopy trees (e.g., Juqlans nigra. Liriodendron 
tulipifera. Maclura pomifera. Platanus occidentalis. Populus 
orandidentatum. Sassafras albidum, and Tilia americana) with 
no conspecific juveniles present. These species tend to be 
large gap colonists in the northern beech-maple-oak forests 
(Poulson and Platt 1989). The absence of widespread recruits 
of these species supports a hypothesis of regeneration 
largely dependent on individual or small-scale treefall of 
shade-tolerant canopy dominants, punctuated by infrequent 
larger scale openings that allow light-demanding species to 
establish (Lorimer 1980, Runkle 1985, Canham 1989, Canham et 
al. 1990, and see Christensen 1977). The southern sites, in 
contrast, had more heterogeneous populations in which more 
extant canopy species were represented in all age classes, 
regardless of their shade tolerance or successional status.
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These data suggest more frequent or widespread canopy 
openings and somewhat different dynamics of regeneration, 
less dependent on individual treefall and replacement.
In the warm temperate forests, understory diversity may 
be partially attributable to species occupying different 
vertical positions at maturity (Whittaker 1975, Harcombe and 
Marks 1977, Terborgh 1985), as well as to more rapid 
establishment of understory specialists ("fugitive species"; 
Platt and Schwartz 1990) than of canopy tree juveniles. The 
presence in the understory of juveniles of most extant 
canopy species (as well as juveniles of other tree species), 
the relatively high density of shrubs, subcanopy trees, and 
lianas, and the lack of distinct size class cohorts 
(especially in older stands) all suggest that, in the 
forests at 3 0°, frequent canopy disturbance is driving rates 
of all species' regeneration at a faster rate than would be 
accounted for by single or small-scale tree-fall gap/phase 
regime. In the northern forests, cohorts of mature shade- 
intolerant canopy trees suggest periodic replacement of 
trees involving more-, then less-, light-demanding species. 
Increased species diversity at very local scale in the 
forests at 30° (i.e., the scale that would resemble an 
individual treefall gap) appeared to be less a product of 
finer niche differentiation (presence of more shrub and 
small tree species) in space, than of temporal
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heterogeneity: more rapid turnover of subcanopy and canopy 
trees at all age classes.
Interspecific associations of horizontal spatial 
position were somewhat more significant in the northern 
forests than in the southern sites, both among canopy tree 
juveniles and for understory species. Such patterns, coupled 
with the lack of juveniles of extant canopy species, support 
the idea of alternation of species in tree by tree 
replacement in gap/phase canopy openings (Bormann and Likens 
1979). The hurricane affected forests at 30°, conversely, 
had greater vertical mixing and fewer instances of positive 
interspecific association; this suggests that their spatial 
distributions may be less a result of specific responses to 
competitive interaction within gaps as such, than to more or 
less continual subcanopy recruitment and regeneration 
irrespective of senescence of adjacent canopy trees.
While some interspecific associations among canopy/ 
understory species were significant at all sites, the 
effects of widespread canopy disturbance appeared to 
supersede the patterning produced by gap/phase dynamics of 
individual treefalls in those forests whose canopies are 
frequently affected by hurricanes. In the warm temperate 
forests the longer growing season (especially warm 
temperatures during winter months when deciduous canopy 
trees are defoliated and understory light levels are higher) 
may further reduce the specific effects of canopy trees on
the evergreen plants beneath them (see Marks and Harcombe 
1975). The overall randomness of canopy tree dispersion 
suggests that widespread allogenic influences may be more 
significant than single treefall openings both for juvenile 
survival in the shrub layer and for the determination of 
patterns of survival and recruitment from one stratum to the 
next. Gaps have generally been defined as vertical openings 
from canopy to forest floor, from which all vegetation has 
been removed by treefall; within gaps, patchy recruitment of 
seedlings of light-requiring species is eventually followed 
by establishment of shade-tolerant trees. This paradigm is 
supported by the data for the cool temperate forests. In the 
warm temperate forests, however, understory species were 
found to have uniform (not patchy or aggregated) 
distribution relative to canopy trees. Therefore, 
establishment of both light-requiring and shade-tolerant 
species seems to be occurring simultaneously, and at rates 
accelerated by non-treefall canopy thinning.
Despite broad similarity in canopy composition, 
biomass, and horizontal patterns of dispersion, the warm- 
and cool-temperate forests are distinctly different in their 
vertical structure and species distributions. Canopy and 
subcanopy trees are less dense at 30° N, and the understory 
shrubs (and saplings) more uniformly dispersed among them.
We suggest that frequent, non-catastrophic disturbance to 
the canopy in the southeastern forests promotes a higher
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density and diversity of the shrubs, juvenile trees, and
lianas.
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CHAPTER 3: STRUCTURE AND PATTERN IN SEASONAL LOWLAND 
NEOTROPICAL FORESTS
Introduction
Seasonal forests (with more or less deciduous 
canopies) account for more than half of all neotropical 
forests (Ewel 1980, Murphy and Lugo 1986). These forests 
have been characterized as highly variable in structure and 
composition, depending on rainfall, severity and 
predictability of seasonality, local edaphic factors, and 
disturbance history (Gentry 1982, 1994; Murphy and Lugo 
1986, 1994). Dry forests of the tropical Americas have been 
described as "the most endangered tropical ecosystem"
(Janzen 1988) .
No studies have been conducted comparing these forests 
over the latitudinal range in which they occur (but see 
Bullock et al. 1994 for detailed descriptions of various dry 
forests). Vertical stratification of species in these 
forests has not been explicitly examined (Smith 1973, 
Terborgh 1985, Kelly et al. 1988, Popma et al. 1988, Stevens 
1989). Furthermore, only a few studies (e.g., Hubbell 1979, 
Armesto et al. 1986) have examined spatial patterns in 
seasonal neotropical forests, and those have focused on 
species populations. Taxonomic composition of neotropical 
deciduous forests has been described as relatively 
depauperate subsets of nearby moister forests (Gentry 1982,
97
98
1994) but specific gradients among seasonal forests have not 
been examined.
The purpose of this study was to compare seasonal 
forests over a range from 0° to 2 0° north latitude. Of 
particular interest were comparisons of structure and 
patterns of canopy versus understory in forests at 20° with 
those at lower latitudes. Hurricanes occur frequently over 
the Caribbean and Mexico, with average return times on the 
order of decades. At lower latitudes, the probability of 
hurricane occurrence is much less, becoming negligible at 
the equator. Objectives of the study were framed in three 
(null) hypotheses: 1) No difference exists among neotropical 
seasonal forests in total basal area or density of trees; 2) 
No differences exist in vertical stratification of species, 
or in patterns of horizontal dispersion of understory trees 
and shrubs relative to canopy trees; and 3) Species 
composition and patterns of relative species dominance 
remain comparable among tropical seasonal forests at 
different latitudes, in contrast to commonly held 
assumptions of a latitudinal gradient of increasing species 
with decreasing latitude (see Smith 1973, Stevens 1989).
In this study, we established replicated plots in 
forests at five sites: Chamela, Mexico, and Guanica, Puerto 
Rico at 20° north; Palo Verde, Costa Rica, and Rancho 
Grande, Venezuela, at 10°; and Weri-Mur, Guyana near the 
equator (Figure 3.1). Similar methods were used at all sites
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to obtain comparable data: all woody plants > 1 cm dbh in 
one hectare (comprised of 16 plot replicates) were mapped, 
measured, identified, and assigned to a category of vertical 
stratum. Both inter- and within species distributions of 
canopy trees, juvenile trees, understory (subcanopy and 
shrub layer), and lianas were analyzed to detect deviations 
from randomness.
Methods
Sites
Five sites were used in this study (Table 3.1). Two 
sites each were located in lowland seasonal forests at 
approximately 20° N (Mexico and Puerto Rico), 10° N (Costa 
Rica and Venezuela), and one site at 0° N (Guyana; Figure 
3.1). Criteria for site selection included long-term 
protected land status and administrative amenability to 
permanent research plots (see Castner 1990). Each of the 
sites has a distinct dry season of 3 to 6 months, with 
variable transitions between seasons (Figure 3.2). Most or 
all canopy trees lose their leaves synchronously at the 
onset of the dry season; shrubs and subcanopy trees are more 
or less deciduous depending on taxa and temporal conditions 
(Hartshorn 1983, Huber 1986, Bullock 1986, Murphy and Lugo 
1986, Lott et al. 1987, Wadsworth 1990, D.DeFreitas and 
D.Gopaul pers. comm.). Seasonality of precipitation was 
most pronounced at the two sites at 2 0° north and least 
pronounced at the equatorial site (Figure 3.2). The exact
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Guanica 
Puerto Rico
Chamela, Jalisco 
Mexico
Rancho Grande, Aragua 
Venezuela
Palo Verde, Guanacaste 
Costa Rica
Weri-Mur, Rupununi 
Guyana
Figure 3.1. Study site locations at approximately 20°, 10°, 
and 0° north latitude, in Central and South America.
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locations, substrates, elevations and annual precipitation 
of each site are presented in Table 3.1.
Susceptibility to perturbation by tropical storms 
differs among sites. Tropical storms tend to originate 
around 10° north over the Atlantic and Pacific and to move 
both westward and northward (Figure 3.3). Probable return 
time for hurricanes at a given site at 20° north is on the 
order of decades or less (Wadsworth and Englerth 1959, 
Neumann et al. 1978, Court 1980, Brown and Leftwich 1982, 
Lugo 1988, Reyes and Mejia-Trejo 1991, Scatena and Larsen 
1991). The two sites at 10°, in southern Central America and 
on the north coast of South America, have no records of 
hurricanes (Holdridge et al. 1971, Coen 1983, Huber 1986, 
Venezuela Ministry of the Environment, Maracay station, 
unpub. data) but might be affected very rarely; return times 
might be on the order of centuries (Neumann et al. 1987, 
Brown and Leftwich 1982). Based on the data in Neumann et 
al. (1987), the site in the continental interior at 2° 
north, on the northern rim of the Amazon basin, is not 
affected by hurricane systems.
Chamela. The arroyo forest of the biological station at 
Chamela, administered by the National University of Mexico 
(UNAM), is located at approximately 90m elevation among low 
hills on the central west coast of Jalisco, west of 
Guadalajara and north of Manzanillo (Table 3.1). Chamela's 
well-drained soils are derived from basalt and rhyolite, and
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Figure 3.2. Average monthly precipitation (mm) at each of 
the sites. Data sources were Bullock 1986 (Chamela, 20 yr) 
Lugo et al. 1978 (Guanica, 65 yr), Frankie et al. 1974 
(Guanacaste, 10 yr), Venezuela Ministry of the Environment 
Maracay, 1992, unpub.(Rancho Grande, 60 yr), and 
D.deFreitas, Dadanawa, 1991, unpub.(Weri-Mur, 10 yr).
20°
0°
20°
40° 0°80°120°160°
Figure 3.3. Characteristic tracks of new world tropical 
storms, redrawn from Musk (1988). Shaded areas have mean 
sea-surface temperatures exceeding 27° during September in 
the Northern Hemisphere and March in the Southern 
Hemisphere.
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Table 3.1. Location and physiognomic characteristics of the sites. Elevations are 
approximate for the individual sample plots. Disturbance regime details and all citations 
are in the text.
Latitude/
Longitude
Eleva­
tion
(m)
Precip­
itation
(mm/yr)
Disturbance
Site Substrate Hurricane Fire Landslide
Chamela, Jalisco, 
Mexico
19°30,N
105°3'W
basaltic
alluvium
90 750 fre­quent rare rare
Guanica, Puerto 
Rico, US Territory
18°00'N 
66°55' W
limestone 135 930 fre­quent rare rare
Palo Verde, Guana- 
caste, Costa Rica
10°20'N
85°18'W
limestone 50 1750 rare fre­quent rare
Rancho Grande 
Aragua, Venezuela
10°23'N
67°40'W
granitic,
oxidized
400 1140 rare rare fre­quent
Weri-Mur, Rupununi 2°59'N basaltic fre­
quentDistrict, Guyana 59°21'W alluvium
120 1520 rare rare
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bedrock is exposed on hillsides (Lott et al. 1987). Yearly 
rainfall averages 750 mm, mostly occurring between June and 
October (Figure 3.2) (Bullock 1986). Wind storms and 
cyclonic disturbances are common during these months, and 
landfall of tropical storms has a return time of 10-15 years 
(Bullock 1986). Despite the occurrence of lightning during 
summer storms, natural fires are unknown at the site 
(Bullock, pers. comm.). The forest vegetation comprises two 
ecotypes based on slope and soil moisture: tall arroyo 
vegetation with a closed canopy and open upland vegetation 
with a significant population of arborescent cacti. Sampling 
took place in the arroyo forest, under a very mixed canopy 
with many co-dominant species (Graham 1973, Rzedowski 1978, 
Lott et al. 1987).
Guanica. Located on the southwest coast of Puerto Rico 
west of Ponce, Guanica State Park encompasses both littoral 
dry scrub vegetation and a mostly secondary (or somewhat 
perturbed primary) upland forest at elevations to 135m (Lugo 
et al. 1978, Murphy and Lugo 1986, Wadsworth 1990)(Table 
3.1). Guanica has shallow soils over limestone substrate, 
and extremely rapid drainage (Wadsworth 1990). Average 
yearly rainfall is 930 mm, occurring mostly between August 
and December (Lugo et al. 1978) (Figure 3.2). Return times 
of hurricanes across the island of Puerto Rico, based on a 
century of data, average about 15 years (Scatena and Larsen
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1991). Fires in the Guanica forest are not known to have 
occurred from lightning strikes (M. Canals, pers. comm.).
The dominant species in the forest include Swietenia 
mahoqani, Bucida buceras. and Guaiacum officinale; the 
understory is dominated by an array of myrtaceous species, 
especially Eugenia spp. In the sample plots there was no 
evidence of the anthropogenic disturbance to which high stem 
density and coppicing have been attributed at Guanica (Ewel 
1980, Lugo and Murphy 1994). Mahogany (Swietenia mahogani) 
plantations were established decades ago in the more fertile 
drainages, and several exotic species (e.g. Prosopis pallida 
and Haematoxvlon brasilettol have naturalized extensively 
(Wadsworth 1990, G. Proctor and S.Silander, pers. comm.). It 
is impossible to determine how much current species richness 
differs from pre-colonial composition (see Little and 
Wadsworth 1964).
Palo Verde. The biological station at Palo Verde, 
operated by the Organization for Tropical Studies within the 
Refugio Rafael Lucas Rodriguez Caballero, is located at the 
eastern margin of the Tempisque River delta in Guanacaste 
Province, Costa Rica, at an elevation of less than 50 m 
(Hartshorn 1983)(Table 3.1). The steep limestone hills have 
shallow and well-drained soils; the deltaic soils are 
organic, fine and deep (Hartshorn 1983). Average yearly 
rainfall is 1750 mm in a strongly bimodal pattern with most 
rain occurring in June and October (Figure 3.2); the dry
season occurs from late November onward (Coen 1983). There 
is no record of hurricane disturbance in the lowlands of 
Guanacaste (Frankie et al. 1974, Holdridge et al. 1971), 
although the regional topography fosters sustained high 
winds to 90 km/hr at the beginning of the dry season (Coen 
1983) . Although the forest has been historically isolated by 
the deltaic wetlands from agricultural clearing, introduced 
cattle and anthropogenic fire have affected the forest for 
at least a century (Hartshorn 1983). Human-set fires are now 
annual in Guanacaste, but the regime of natural fire is not 
known (I. Carrera, pers. comm.). The forest has a very 
diverse species composition with many co-dominant species 
(Janzen and Liesner 1980, Hartshorn 1983, Janzen 1983, Gomez 
1986).
Rancho Grande. The Rancho Grande biological station is 
operated by the Central University of Venezuela, in H. 
Pittier National Park, Aragua, Venezuela (Pittier 1920,
Huber 1986) (Table 3.1). The Park lies astride the 
cordillera of the Caribbean coast of Venezuela, where an 
pronounced gradient of increasing moisture occurs on the 
heavily forested upper slopes; on the north slope, a band of 
seasonally deciduous closed-canopy forest lies between 400 
and 800m altitude, between xeric coastal woodland below and 
moist evergreen forest above (Huber 1986, Castner 1990). 
Soils at this elevation are unstable and highly oxidized. 
Average yearly rainfall is 1140 mm, with no completely dry
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months (Figure 3.2; Venezuela Ministry of Environment, 
Maracay, unpub. data). There have been no recorded 
hurricanes on this section of coast during the last century 
(Ven. Min. Env., unpub data). Despite three centuries of 
human incursion, the deciduous forest of the north slope has 
never been cleared (A.Fernandez-Badillo, pers. comm.). 
However, along stream courses on the north slope, small 
slash and burn clearings are common. Natural fires have not 
occurred in recent years (A. Fernandez-Badillo, pers. 
comm.). Mid-elevation forest canopy dominants belong to 
Fabaceae, Rubiaceae, and Sapotaceae (Huber 1986). A rather 
sparse understory is dominated by myrtaceous, rubiaceous, 
and bignoniaceous species.
Weri-Mur. Weri-mur, Rupununi District, is a free-hold 
ranch within the protected Amerindian zone of southern 
Guyana at an elevation of around 120m (Table 3.1). The 
seasonal forest occurs as a rather abrupt transition zone 
between moist, dense and mostly evergreen forest covering 
the Kanuku mountains, and a vast savanna that drains both 
north to the Essequibo River across the Guiana shield, and 
south to the Rio Negro and Amazon basin. The research site 
was located some 20km east of the village of Sand Creek, and 
18km north of Dadanawa. The alluvial soils at the site, 
derived from the basalt of the Kanuku mountains to the 
north, are well-drained. Rainfall is strongly seasonal 
(Figure 3.2) and annually variable, averaging 1520 mm/yr for
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the last 10 years (deFreitas, unpub. data). There have been 
no recorded hurricanes in the Rupununi; lowland flooding and 
fires, however, occur annually (D.deFreitas, pers. comm.). 
The indigenous Wapishi burn the savanna often, but no data 
exist on natural fire periodicity. The forest itself burns 
periodically, though not at crown-fire intensity (C.Phillip, 
pers. comm.), and the deciduous forest-savanna boundary 
appears to be fire-maintained (MFQ pers. obs.). Small slash 
and burn plots occur along drainages just within the forest 
edge. Canopy dominant trees, e.g., of the Fabaceae, 
Sapotaceae and Tiliaceae, are deciduous (Mennega et al.
1988) . The largely evergreen subcanopy stratum is dominated 
by myrtaceous species.
Field procedure
At each site, a transect of ±3 km was established 
through representative forest, avoiding trails and 
identifiable anthropogenic disturbances (e.g., old 
agricultural clearings). From 25 flagged plot locations 
identified as potential work areas, 16 square plots (each 
25m x 25m) were randomly chosen and marked with temporary 
flags. These plots, which totalled 1 ha/site, were 
considered replicate sampling units for the analysis of 
forest pattern and composition.
Within each plot, all woody plants (tree, shrub, or 
liana) >1 cm dbh were marked with sequentially numbered 
aluminum tags. On plants with multiple stems, only the
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largest trunk was tagged. Diameter was measured consistently 
at breast height (1.4 m) regardless of buttressing or height 
of first branching. Lianas were considered within the plot 
if they were rooted outside, but entered below breast 
height. Each plant location was mapped using methods 
described in Quigley and Slater (1994) and coded by species. 
These data were converted to Cartesian coordinates; trunks 
diameters were used to compute basal area.
Each individual plant was assigned to a vertical 
stratum based the height of its tallest stem. Although 
canopy and emergent tree heights varied among plots and 
between sites, stratum categories were defined as: 1) 
understory, less than 2.5m tall; 2) subcanopy, all stems 
>2.5m but with crowns not reaching unobstructed light; 3) 
canopy, crowns unobstructed by other trees; and 4) liana, 
woody vine not self-supporting beyond early juvenile stage.
Voucher specimens were collected for each species 
encountered; they were pressed and codified in the field, 
and later identified by taxonomic authorities. Because the 
flowering period for many species in neotropical seasonal 
forests is of short duration and correlated with the onset 
of rains (see Frankie et al. 1974), many specimens were 
sterile when collected, and could not be keyed to species. 
All specimens were deposited in the LSU herbarium, with 
duplicates at one or more other herbaria, including the 
Smithsonian Institution, Missouri Botanical Garden,
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Table 3.2. Orthogonal contrasts of latitude and 
stratum used in the ANOVAs of replicated data, based 
on 16 plots per site. Error term for test of 
latitude is site(latitude); error term for stratum 
is plot(site(latitude).
Latitude
20° vs 10°+0°
10° vs 0°
Stratum 
1+2+3 vs 4
1 vs 2+3
2 vs 3 
Latitude * stratum
to O o vs (10°+0°) * (1+2+3) vs 4
2 0° vs (10°+0°) * 1 vs (2+3)
2 0° vs (10°+0°) * 2 vs 3
10° vs 0° * (1+2+3) vs 4
10° vs 0° * 1 vs (2+3)
10° vs 0° * 2 vs 3
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University of California Riverside, and the national 
Herbaria of the countries of origin. Appendix B lists all 
species determinations; Appendix D is a tabulation of 
numbers of species per family at each site.
Analysis
Demographic and pattern data were analyzed separately. 
Whenever parametric analyses were used, all data were first 
tested by UNIVARIATE (SAS 1993) procedure for normal 
distributions (using the residuals) and homoscedasticity 
(using residuals plotted against predicted values). 
Distributions not meeting the assumptions of ANOVA were 
transformed until the assumptions were met (Sokal and Rohlf 
1981).
Replicated data
A split-split plot ANOVA (Sokal and Rohlf 1981) based 
on 16 plot replicates per site was used to analyze basal 
area, plant and stem density, and species numbers and 
species proportions/stratum. Fixed effects were latitude 
and stratum, and random effects were site (within latitude) 
and plot (within site). For these analyses, basal area data 
were log-transformed, while plant density and stem density 
data sets were square-root transformed. Data for species per 
stratum, as well as for proportions of site total species 
per stratum, did not require transformation. A priori 
orthogonal contrasts (Table 3.2) were run with each ANOVA. 
Null hypotheses were that no differences existed among means
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of strata between sites, between sites within latitude, or 
among the three latitudes. Latitude was tested with the 
error term site(latitude); both stratum and the interaction 
of stratum with latitude were tested with 
plot(site(latitude)) as the error term.
Species area curves were generated for each site. 
Methods of Platt and Schwartz (1990) were followed. For each 
site, curves based on observed distributions of species 
among the 16 plots were generated by selecting the plots in 
random order and obtaining the cumulative quantity of 
species with increasing area. This process was repeated 10 
times to obtain a mean observed distribution. The resulting 
curve was then compared to a predicted curve, created by 
1,000 Monte Carlo simulations in which the same numbers of 
species (in the same relative abundances) were independently 
distributed among the plots. Confidence intervals were 
constructed that contained 95% of the cumulative species 
expected within areas of increasing size.
Linear regressions were fitted to the observed (means) 
species/area curves, using the 10 runs (per 16 plots) to 
generate the point scatter. A nested ANOVA model, site 
within latitude, used the replicates of the observed species 
per area as the dependent variable.
Non-replicated data
Two data sets, abundance by species rank and frequency 
by size class, were comprised of combined site data rather
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than individual plot replicates. Frequencies of plants 
within 2 cm dbh size classes were log-transformed and 
plotted against log-transformations of size classes. Species 
dominance was graphed as log abundance of species 
(regardless of stratum or size class) plotted against that 
species' rank. Differences among latitudinal means of 
species abundance were tested by ANCOVA with a nested model 
of site within latitude, and species rank as the covariant. 
Latitudinal differences of log(frequency) by size classes 
were tested by ANOVA. Linear regressions were fitted to the 
resultant curves for both sets of data.
Non-parametric tests
Unreplicated data for whole site populations were used 
to analyze proportions, among all sites, of stem numbers per 
size class and the contribution of that size class to site 
basal area. The multiple comparison procedure was a 
Kolmogorov-Smirnoff test with a Bonferroni correction, in 
which the proportions were compared pairwise among all sites 
at a level of a. = 0.05; sites were then ranked by comparing 
the P values to a/N, where N = 10, the number of pairwise 
comparisons.
Spatial dispersion
Vertical structure was examined in two ways. First, 
locations of crowns of trees of individual species at each 
site level were tabulated by stratum, and each stratum's 
share expressed as a proportion of total species for the
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site. These data were tested by ANOVA, nesting site within 
latitude. Second, species that occurred exclusively in one 
stratum were identified for non-statistical comparison of 
relative exclusivity and layering of species among strata at 
each individual site.
Horizontal dispersion was examined using nearest 
neighbor distances computed from Cartesian coordinates (see 
Clark and Evans 1954, Meagher and Burdick 1980). Nearest 
neighbor distances were calculated for plants based on 
stratum assignments. Five sets of inter-stratum nearest 
neighbor distances--canopy trees, subcanopy trees, shrub 
layer stems, lianas, and shrub layer/subcanopy plants 
combined— were tested for randomness relative to canopy 
trees.
The first test of spatial pattern (deviation from 
random distribution) used the algorithm developed by 
Donnelly (1978) based on observed versus expected distance 
of nearest neighbors within individual plots. "Edge effects" 
can be ignored in this method so that no data are 
sacrificed; see Diggle (1983) for justification. In the 
determination of randomness, the distribution of y is 
approximately normal, with mean and variance:
0 . 0421
7£-JiU)n
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Var [y] = 0 . 07 On "2 A + 0 . 037 [j2-5 A] 2 1 (A)
where A is plot area, 1(A) is the length of the plot 
boundary, and n the number of plants under comparison in 
each individual plot. Significantly small or large values of 
the average y for each plot, when compared to the 
appropriate "z" statistic, indicate aggregation or 
uniformity, respectively, of spatial dispersion (Diggle 
1983). In this case, there were 16 z; statistics for each 
site. In order to test the null hypothesis of no aggregation 
at each site a Z test was done by considering that, under 
H0, Zj is approximately N(0,1), i = 1, . . ., 16. Hence,
5 = # - " (0' V l 6 )
Z=—  =4z 
JL
4
and our Z test statistic is:
The critical value of Z, for significance at a = 0.05, is 
1.96.
Nearest neighbor distances for each categorical 
comparison were tested by ANOVA to examine differences 
between latitudes, using a model of (random) sites nested
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within fixed effects of latitude. Because numbers of plants 
varied among the 16 plots per site, the dependent variable 
was Z; (which was already standardized for plot density), 
defined by:
„ _ y-E(y) 
si van (y)
where y was the average nearest distance per plot for each 
categorical comparison. For each test, the null hypothesis 
was that of no difference in plot means of inter-categorical 
distance, between latitudes or among sites.
Comparison of observed occurrences of nearest 
neighbors to expected distances based on random distribution 
of neighbors in the various combinations being examined was 
used to identify negative, positive, or non-significant 
associations among stems of canopy and understory pairs of 
plants. Inter- and intraspecific dispersion were tested 
among canopy and understory stems, combining shrub layer and 
subcanopy as a single category and excluding lianas. Methods 
of Glitzenstein et al.(1986) were followed. For species 
populations with sufficient sample sizes (n > 20 for canopy 
trees, n > 25 for understory stems), all inter- and 
intraspecific combinations were tested. A matrix comparison 
(of single classification x2 tests) of expected versus 
observed proximity values of small stems of given species to 
canopy trees of given species was used. The equation
expresses the expected frequency of occurrence (f') of a 
given species in the canopy as the nearest neighbor to a 
small stem of the same or another species (when combined at 
random), where S is the number of small stems, L is the 
number of large stems of the species in question, and N is 
the total number of large stems of all species. A second 
test, using the same algorithm, was run to detect non-random 
spatial dispersal among all canopy trees and conspecific 
juveniles in the shrub layer and subcanopy.
Results
Structure
Basal area varied widely among the plots and sites, 
ranging from 17.7m2/ha at Guanica to 48.9m2/ha at Weri-Mur 
(Table 3.3). Results of the ANOVA of log-transformed data, 
presented in Table 3.4, indicated that total basal area was 
similar among seasonal forests at different latitudes: no 
significant effect of latitude was detected (F22 = 0.58, P = 
0.63). Similarly, total basal area in forests at 20° was not 
different from those at lower latitudes (F12= 1.14, P =
0.40), nor between forests at 10° and 0° (FI2= 0.01, P =
0.96). Sites within latitude were significantly different, 
however (F275= 7 . 54 , P = 0.001).
Basal area within the different strata varied among all 
forests (Figure 3.4). The contributions of individual strata
Table 3.3. Stand structure of the sites. Standard errors of plant and 
stem density and of basal area (m2) are based on 16 plot replicates per 
site. Heights (m) of canopy and tallest emergent trees are approximate.
Site Plants/ha Stems/ha
Canopy 
height 
(Emergents) Basal area
Chamela 5367 + 328 8398 + 533
10-15
(25) 23.6 + 4.7
Guanica 6644 + 439 10039 + 752
10
(15) 17.7 + 2.4
Palo Verde 3980 + 396 6152 + 529
10-20
(25) 31.6 + 7.5
Rancho Grande 4634 + 211 6044 + 234
20
(30) 36.2 + 8.2
Weri-Mur 3316 + 246 4006 + 322
25
(40) 48.9 + 14.6
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to site total basal area were significantly different (F3 23,= 
1001.91, P < 0.0001); all individual contrasts were also 
highly significant. Canopy tree contribution to basal area 
was uniformly largest among strata, but varied among sites 
from 69.4% and 75% of total at Guanica and Chamela, to 89% 
at Weri-Mur. Subcanopy basal area proportions were 
inversely proportional (reciprocal) to those of canopy 
trees; they were greater at Chamela and Guanica (23% and 
28%, respectively) than at Palo Verde, Rancho Grande, and 
Weri-Mur (12%, 14%, and 10%). Liana and shrub layer 
contributions to basal area were uniformly low (Figure 3.4); 
all were less than 2% of site total area, except at Rancho 
Grande where lianas were a significant component of the 
understory.
Basal area varied independently among strata at 
different latitudes. The subcanopy stratum remained 
relatively constant as latitude decreased, but canopy tree 
basal area increased; liana basal area peaked at 10° N, 
where the shrub layer was smallest (Figure 3.4). All tests 
of interaction of stratum with latitude showed significant 
differences, with two exceptions: shrub layer relative to 
(subcanopy + canopy), and subcanopy relative to canopy 
basal areas did not differ between 10° and 0° latitudes.
Densities both of individual plants and of stems were 
greater at 20° N than at 10° and 0° (Figure 3.5). Plant 
censuses decreased from 6,644/ha at Guanica to 3,316/ha at
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Figure 3.4. Basal area of strata by latitude, expressed as 
plot means of log-transformed data.
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Table 3.4. Split-plot ANOVA table of the effects of 
latitude and stratum on basal area measured as the log of 
basal area per 1/16 ha. Main effect was latitude, with a 
split plot effect of site and a split-split plot effect of 
stratum. Latitude and strata were fixed; site and plot 
replicates were random. Stratum legend: 1)shrub layer;
2)subcanopy; 3)canopy; 4)liana. (*) denotes statistical 
significance at ct = 0.05; R2 = 0.94.
Dependent variable: basal area
Source df
Mean
Square F P
Latitude 2 0.44 0. 58 0.6316
20° * (10°+0°) 1 0.87 1.14 0.3981
10° * 0° 1 <0. 01 0. 00 0.9556
Site(Latitude) 2 0.77 7 . 54 0.0010*
Plot(Site(Latitude)) 75 0.10 1.48 0.0151*
Stratum 3 69 . 10 1001.91 0.0001*
(1+2+3) * 4 1 57 . 56 834.67 0.0001*
1 * (2+3) 1 129.84 1882.61 0.0001*
2 * 3 1 19 . 89 288.43 0.0001*
Latitude*Stratum 6 1. 07 15.47 0.0001*
20vs(10+0)*(1+2+3)vs4 1 0.44 6.32 0.0126*
20vs(10+0)* 1 v s (2+3) 1 0.73 10. 56 0.0013*
20vs(10+0)* 2 vs 3 1 1.73 25.12 0.0001*
lOvsO * (1+2+3) vs 4 1 2.73 39.55 0.0001*
lOvsO * 1 vs (2+3) 1 0.02 0. 24 0.6239
lOvsO * 2 vs 3 1 0. 03 0.40 0.5274
Stratum*
Plot(Site(Latitude)) 231 0. 07
Total 319
Weri-Mur; corresponding counts of all multiple stems were 25 
to 50% higher than plant numbers, ranging from 10,000 to 
4,000/ha (Table 3.3). Results of ANOVAs of square-root 
transformed density data are presented in Tables 3.5 and 
3.6. While there were no significant overall differences of 
plot mean plant density among all latitudes (F22 = 13.19, P 
= 0.07; Table 3.5), stem density decreased significantly as 
latitude decreased (Figure 3.5; F22 = 43.73, P = 0.02, Table 
3.6). Sites within latitudes were not different in either 
plant or stem density (F275 = 2 . 08 , P = 0.13; F2 75 = 1 . 14 , P = 
0.33); plots within sites, however, differed significantly 
in both tests. Differences in both plant and stem density 
between the two forests at 20° N and the three forests at 10° 
and 0° N accounted for almost all the latitudinal variation 
(Figure 3.5). However, difference in stem density between 
the forests at 10° and at 0° was also significant (F12=
23.68, P = 0.04; Table 3.6).
For all five sites, density within each stratum 
category was significantly different for both plants (F3 231 = 
381.63, P < 0.0001) and stems (F3231= 287 . 47 , P < 0.0001). 
However, the shrub layer was not different from the combined 
subcanopy and canopy in number of plants (F1231 = 0.15, P = 
0.69; Table 3.5) or in stem density (F1231= 1 . 38 , P = 0.24; 
Table 3.6); recruitment and establishment rates of shrubs 
and small saplings were apparently constant relative to 
numbers of overstory trees. With one exception, all
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Table 3.5. Split-plot ANOVA table of the effects of 
latitude and stratum on plant density measured as, the 
square root of number per 1/16 ha. Main effect was 
latitude, with a split plot effect of site and a split- 
split plot effect of stratum. Latitude and strata were 
fixed; site and plot replicates were random. Stratum 
legend: 1)shrub layer; 2)subcanopy; 3)canopy; 4)liana.
(*) denotes statistical significance at a =0.05; R2 =0.89.
Dependent variable: plant density
Source df
Mean
Square F P
Latitude 2 132.39 13 .19 0.0705
20° * (10°+0°) 1 240.99 24.38 0.0386*
10° * 0° 1 55.38 5. 60 0.1415
Site(Latitude) 2 10.03 2 . 08 0.1321
Plot(Site(Latitude)) 75 4 . 82 2 .41 0.0001*
Stratum 3 763.42 381.63 0.0001*
(1+2+3) * 4 1 658.32 329.09 0.0001*
1 * (2+3) 1 0.31 0.15 0.6948
2 * 3 1 1631.63 815.65 0.0001*
Latitude*Stratum 6 51.61 25.80 0.0001*
2 Ovs(10+0)*(1+2+3)vs4 1 64 . 98 32 . 48 0.0001*
20vs(10+0)* 1 v s (2+3) 1 20. 03 10. 01 0.0018*
20vs(10+0)* 2 vs 3 1 58 . 85 29.42 0.0001*
lOvsO * (1+2+3)vs4 1 113.24 56.61 0.0001*
lOvsO * 1 vs (2+3) 1 0. 01 0. 00 0.9539
lOvsO * 2 vs 3 1 12 .21 6.10 0.0142*
Stratum*
Plot(Site(Latitude)) 231 2 . 00
Total 319
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Table 3.6. Split-plot ANOVA table of the effects of 
latitude and stratum on stem density measured as the 
square root of number per 1/16 ha, with all multiple 
trunks per plant included. Main effect was latitude, with 
a split plot effect of site and a split-split plot effect 
of stratum. Latitude and strata were fixed; site and plot 
replicates were random. Stratum legend: 1)shrub layer;
2)subcanopy; 3)canopy; 4)liana. (*) denotes statistical 
significance at a = 0.05; R2 = 0.87.
Dependent variable: stem density
Source df
Mean
Square F P
Latitude 2 325.29 43 .73 0.0224*
2 0° * (10°+0°) 1 583.36 78.42 0. 0125*
10° * 0° 1 176.12 23 . 68 0. 0397*
Site(Latitude) 2 7.44 1.14 0. 3264
Plot(Site(Latitude)) 75 6.55 1.95 0.0001*
Stratum 3 966.08 287.47 0.0001*
(1+2+3) * 4 1 531.44 158.13 0.0001*
1 * (2+3) 1 4.63 1.38 0.2416
2 * 3 1 2362.18 702.89 0.0001*
Lat itude * Stratum 6 91.45 27.21 0.0001*
2 0vs(10+0)*(1+2+3)vs4 1 97.70 29. 07 0.0001*
20vs(10+0)* 1 v s (2+3) 1 56.68 16.86 0.0001*
20vs(10+0)* 2 vs 3 1 117.43 34 . 94 0.0001*
lOvsO * (1+2+3)vs4 1 195.97 58 . 31 0.0001*
lOvsO * 1 v s (2+3) 1 3.48 1. 04 0.3098
lOvsO * 2 vs 3 1 15.94 4 . 74 0.0305*
Stratum*
Plot(Site(Latitude)) 231 3 .36
Total 319
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interactions of latitude and stratum effects on both plant 
and stem density were highly significant: only the shrub 
layer means relative to those of subcanopy and canopy 
(combined) at 10° and at 0° N were not significantly 
different. While overall density was not different among the 
five seasonal forests, strong differences existed among the 
individual strata and their proportions between latitudes.
Relative abundance of trees in the largest size 
classes increased somewhat as latitude decreased, despite 
decreases in actual numbers of canopy trees. Curves of log 
transformed frequency of 2 cm dbh size class distributions 
and least square regressions (Figure 3.6) seemed to suggest 
decrease in density with decreasing latitude. However,
ANOVA of the frequency data indicated no significant 
difference in overall abundance by size class between the 
two forests at 2 0° north latitude and those further south 
(F12 = 5.53, P = 0.14; Table 3.7) or between sites at 10° and 
0° (F12 = 1.00, P = 0.42). Thus, only the several very large 
emergent trees at the equatorial site distinguished that 
forest from the others.
The proportions of stems in different size classes 
tended to decrease as tree sizes increased (Figure 3.7a). 
While forests at 20° N had proportionally fewer very large 
trees, they had more or less equal numbers of stems in 
smaller size classes as the other sites. (Sites at 20° had 
numerically more, but much smaller canopy trees than did the
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Figure 3.6. Log(frequency) of 2 cm size classes graphed as 
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intervals.
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Table 3.7. ANOVA of square root transformed log(frequency) 
of the logs of mean size for non-replicated site data 
sets.
Dependent variable: log(frequency)
Source df
Latitude 2
20° * (10°+0°) 1
10° * 0° 1
Site(Latitude) 2
Error 3 01
Mean
P
0.2443
0.1430 
0.4221
0.0229*
0.29
Square F
3.42 3.09
6.12 5.53
1.11 1.00
1.11 3.82
Total 305
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other sites.) However, the Kolmogorov-Smirnov test and 
Bonferroni ranking of proportions of stems within size class 
(Table 3.8) showed Palo Verde to be the only site different 
from the others in overall proportions of size class 
distribution: there were more shrub layer stems and fewer 
stems in the size range of subcanopy trees.
In contrast to the proportions of stems, the proportion 
of total basal area increased as the tree sizes increased 
(Figure 3.7b). Also, forests at 20° differed from those at 
lower latitudes. The Kolmogorov-Smirnov test (Table 3.8) 
indicated significant differences between Chamela and 
Guanica and sites further south in the proportional 
contribution of size classes to total basal area. At both 
Chamela and Guanica, high stem density was offset by the 
absence of large-diameter trees. As a result, the smaller 
size classes at Chamela and Guanica contributed a 
substantially greater proportion of site basal area (Figure. 
3.7b) than in forests at 10° and 0° N. At Guanica, roughly 
equal proportions of total basal area were contributed by 
all size classes greater than 2cm dbh. At Chamela the size 
class distributions were less regular than at Chamela, but 
there was an equal lack of large tree contribution to basal 
area compared to the three sites at 10° and the equator. 
Species composition
The five sites are broadly similar in familial 
composition of the tree populations (Appendices B, D and E).
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Table 3.8. Multiple comparison procedure (Kolmogorov- 
Smirnov test with Bonferroni correction) of the data 
presented in Figure 3.6: A) proportion (%) of numbers 
of plants per size class per site; and B) proportion 
(%) of size class contribution to basal area per site. 
Significance is at a = 0.05; ranking is based on 
comparison of the P value with a/N, or 0.005, where N 
is the number of pairs compared (10).
A) Proportions of stems in size classes.
Rank Guan Palo Ranc Weri
A B Cham 1.00 0.2292 1. 00 0.0628
A B Guan 0.0503 1. 00 0.1671
A Palo 0.0127* 0.0007*
B Ranc 0. 4830
B Weri
5) Contribution of size class to basal area. 
Guan Palo Ranc Weri
A Cham 0.1428 <0.0001* <0.0001* <0.0001*
A Guan <0.0001* <0.0001* <0.0001*
B Palo 1.00 1. 00
B Ranc 1. 00
B Weri
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Florulae of seasonal tropical forests tend to be subsets of 
moist forest taxa at the same latitude, with few families 
(e.g., Euphorbiaceae, Capparidaceae, Erythroxlaceae) 
represented exclusively in the dry seasonal forest (Gentry 
1988, 1994). In all five sites, legumes were the most 
common canopy dominants; Sapindaceae, Meliaceae,
Bignoniaceae, and Anacardiaceae were also well represented. 
Common families in the subcanopy and lower understory 
included Rubiaceae, Myrtaceae, Flacourtiaceae, Polygonaceae, 
and Sapotaceae (Appendix D ) . Most species were not shared 
between sites even at the same latitude, and there were few 
ubiquitous genera (see Appendices B and D). The highest 
species number was recorded at Chamela (137/ha), followed by 
Palo Verde (121). Guanica, Rancho Grande, and Weri-Mur had 
almost equal numbers of species/ha: 103, 105, and 103 
respectively. For each site, the observed species/area 
curve for the 1 ha sample approached an asymptote (Figure 
3.8). In Chamela and Guanica the initial observed species 
counts (averages of 10 randomly selected plots) fell above 
the 95% confidence interval of the predicted species curves, 
indicating a high degree of species mixing within small 
sample areas (< 0.25 ha).
Relative species abundances differed neither between 
individual latitudes, nor when examined over the whole range 
of latitudes. ANCOVA of log transformations of abundance 
plotted by species rank (Figure 3.9) indicated no
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135
Table 3.9. ANOVA of latitudinal difference of site total 
numbers of species, with sites as replicates within 
latitude, and plots replicated within sites.
Dependent variable: # species/plot
Source df
Latitude 2
2 0° * (10° +0°) 1
10° * 0° 1
Site(Latitude) 2
Plot(Site*Latitude) 75
Error 240
Mean
P
0.3337
0.2199 
0.3225
0 .0001*
1.0000
119.68
square F
1970.68 2.00
986.89 8.25
1675.01 1.70
986.89 8.25
42.62 0.36
Total 319
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significant differences among plot means at all latitudes 
(F22 =2.89, P = 0.26; Table 3.10), although differences 
between sites within latitudes were significant (F2 566 = 
125.32, P < 0.0001). Species ranks themselves, however, were 
significantly different and interacted strongly with 
latitude (Table 3.10). Weri-Mur tended to have somewhat 
more rare canopy species and more common small (understory) 
species than did the other sites (Figure 3.9e).
Vertical distribution of species
At the level of 1/16 ha, there were no differences 
among latitudes in numbers of species. ANOVA (Tables 3.9 and 
3.11) indicated that sites within latitudes (F275 = 23 . 15 , P 
> 0.0001) varied more than sites at different latitudes (F22 
=2.00, P = 0.33). Plots within sites within latitudes also 
differed significantly in numbers of species present, 
indicating large local variation in species numbers within 
sites (Figure 3.10a). In contrast, when proportions of 
species (Table 3.12) were in analysis of variance, no 
significant differences occurred among plots within sites or 
between sites within latitudes. These data suggest that 
differences in numbers of species at the different sites are 
not reflected in the proportions of species present in 
different plots or sites. Also, the proportions of species 
do not differ within latitude (Figure 3.10b), again 
suggesting no latitudinal gradient in species composition.
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Table 3.10. ANCOVA of square root transformed 
log(abundance) by species rank for non-replicated site 
data sets. (Model does not assume equal slopes). Error 
term for latitude is site(latitude). R2 = 0.89.
Dependent variable: log(abundance)
Covariant: species rank
Source
Rank
Latitude
df
1
2
Mean
Square
76.18 
0.81
5393.23 
0.47
0 .0001* 
0.6794
20° * (10°+0°) 
10° * 0°
1
1
0.40
1.51
0.23 
0 . 88
0.6763 
0.4474
Rank*Latitude 
Site(Latitude) 
Error
2
2
563
0.49
1. 72 
0 . 01
34 . 43 
121.76
0 .0001* 
0 .0001*
Total 570
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Figure 3.10.a) Numbers of species and b) Proportions of 
species per stratum by latitude, expressed as untransformed 
plot means.
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Table 3.11. Split-plot ANOVA table of the effects of 
latitude and stratum on species composition measured as 
the number of species per stratum per 1/16 ha. Main effect 
was latitude, with a split plot effect of site and a 
split-split plot effect of stratum. Latitude and strata 
were fixed; site and plot replicates were random. Stratum 
legend: 1)shrub layer; 2)subcanopy; 3)canopy; 4)liana.
(*) denotes statistical significance at a = 0.05; R2 = 
0.89.
Dependent variable: number of species/stratum
Source df
Mean
Square F P
Latitude 2 1970.68 2 . 00 0.3337
20° * (10°+0°) 1 3068.04 3 .11 0.2199
10° * 0° 1 1675.01 1.70 0.3225
Site(Latitude) 2 986.89 23 .15 0.0001*
Plot(Site(Latitude)) 75 42 . 63 2 .35 0.0001*
Stratum 3 5368.97 295.64 0.0001*
(1+2+3) * 4 1 8721.09 480.22 0.0001*
1 * (2+3) 1 54.19 2.98 0.0854
2 * 3 1 7331.64 403.71 0.0001*
Latitude*Stratum 6 493.83 27 .19 0.0001*
2 Ovs(10+0)*(1+2+3)vs4 1 1213.41 66.82 0.0001*
20vs(10+0)* 1 vs (2+3) 1 15.43 0. 85 0.3576
2Ovs(10+0)* 2 vs 3 1 1522.94 83 .86 0.0001*
10VS0 * (1+2+3) vs 4 1 59.59 3 . 28 0.0714
lOvsO * 1 vs (2+3) 1 0. 03 0. 00 0.9688
lOvsO * 2 vs 3 1 513.52 28.28 0.0001*
Stratum*
Plot(Site(Latitude)) 231 18 . 16
Total 319
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Table 3.12. Split-plot ANOVA table of the effects of 
latitude and stratum on species composition measured as 
the proportion of species (per site) per stratum per 1/16 
ha. Main effect was latitude, with a split plot effect of 
site and a split-split plot effect of stratum. Latitude 
and strata were fixed; site and plot replicates were 
random. Stratum legend: 1)shrub layer; 2)subcanopy;
3)canopy; 4)liana. (*) denotes statistical significance 
at a = 0.05; R2 = 0.84.
Dependent variable: proportion of species/stratum
Source df
Mean
Square F P
Latitude 2 0. 07 1.96 0.3378
20° * (10°+0°) 1 0. 06 1.40 0.3583
10° * 0° 1 0.13 3 .27 0.2124
Site(Latitude) 2 0. 04 0.42 0.6602
Plot(Site(Latitude)) 75 0.09 0.00 1.0000
Stratum 3 11845.1 319.28 0.0001*
(1+2+3) * 4 1 20621.3 555.84 0.0001*
1 * (2+3) 1 90. 75 2.45 0.1192
2 * 3 1 14823.1 399.55 0.0001*
Latitude*Stratum 6 414.78 11.18 0.0001*
20vs(10+0)*(1+2+3)vs 4 1 517.13 13.94 0.0002*
2 Ovs(10+0)* 1 vs (2+3) 1 88.56 2 .39 0.1237
20vs(10+0)* 2 vs 3 1 1439.31 38.80 0.0001*
lOvsO * (1+2+3) vs 4 1 59.13 1.59 0.2080
lOvsO * 1 vs (2+3) 1 1. 90 0.05 0.8216
lOvsO * 2 vs 3 1 598.55 16.13 0.0001*
Stratum*
Plot(Site(Latitude)) 231 37.10
Total 319
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As latitude decreased, shrub layer and subcanopy 
species tended to decrease while canopy and liana numbers 
did not change much (Figure 3.10). The shrub layer was not 
the most species-diverse stratum in any of the forests 
sampled, despite the potential presence of juveniles of all 
subcanopy and canopy trees (see Stevens 1989). At all 
sites, it was the subcanopy stratum that contained the 
greatest proportion of all species present (Figure 3.10b). 
Numbers of subcanopy species ranged from 68 at Weri-Mur to 
127 at Chamela, and averaged 80% of totals overall (Table 
3.12, column 2).
Canopy trees generally accounted for half the extant 
species in each forest site. The proportion of species 
represented in the canopy stratum was greatest at Palo 
Verde, where 65% of all species present occurred as large 
trees (column 3). Proportions of shrub layer species, 
including juveniles of potential subcanopy and canopy 
species, varied from only 57% at Rancho Grande to 77% at 
Chamela (column 1). Individual strata were significantly 
different in both species numbers and species proportions 
(F3231 = 295 . 64 , P < 0.0001, and F3231 = 319.28, P < 0.0001, 
respectively). For both sets of data, however, there was no 
difference from zero in the contrast of shrub layer species 
and the combined subcanopy and canopy; the differences 
resulted from canopy*subcanopy contrasts and from the effect 
of lianas (Tables 3.11, 3.12). Latitude and stratum
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interactions were highly significant for both data sets, but 
the significant effects were confined to the same three 
contrasts: lianas versus other strata at all latitudes, and 
subcanopy versus canopy both for all latitudes, and for 10°
N versus 0°.
Examination of the numbers of species that occurred 
exclusively in one stratum revealed differences among the 
sites and latitudes that were not apparent in the ANOVAs of 
species numbers or proportions. At all five sites, very few 
species appeared to be exclusively small understory shrubs, 
incapable of entering the subcanopy stratum; shrub numbers 
ranged from only 2% of species at Palo Verde and Rancho 
Grande to 8% at Guanica and Weri-Mur (Table 3.13, column 1). 
Guanica (5%) and Palo Verde (6%) had proportionally fewer 
subcanopy "specialist" species than the other three sites 
(with 10% each). Liana populations did not correspond to 
changes in canopy diversity; they ranged from 6% of site 
total species at Rancho Grande (where lianas were most 
numerous) to 14% at Weri-Mur.
The sites differed most in proportions of exclusively 
canopy trees (Table 3.13). The sampled plots at Guanica had 
no species unique to the canopy stratum; at Chamela this 
proportion was only 3% (column 3). In contrast, at Palo 
Verde and Weri-Mur 10% of the total species counted were 
unique to the canopy; 5% of species were exclusively 
represented in the canopy at Rancho Grande.
Table 3.13. Numbers of species appearing in each stratum (all) and 
numbers of species occurring exclusively in that stratum (exc).
Total
SITE Species Shrub layer Subcanopy Canopy Liana
Chamela
Guanica
exc
all exc all exc all exc 
137 106 4 127 14 77 3 12
103 77 8 81 5 52 0 11
Palo
Verde 121 85 3 93 7 79 11 15
Rancho
Grande 103 59 2 81 10 54 5 6
Weri-Mur 100
60 8 68 10 45 10 14
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Horizontal pattern
Horizontal spatial dispersal of plants within and 
between stratum categories followed several general trends. 
Representative plots from each sites are illustrated in 
Figure 3.11. In the field, nearest neighbor distances 
seemed on visual inspection to vary significantly on a plot 
by plot basis. However, both ANOVA of nearest neighbor 
distances (adjusted for variation in plot density) and tests 
of deviation from random spatial dispersion revealed 
distinct similarities among sites and very few differences 
between latitudes. Average nearest neighbor distances 
between canopy trees ranged from 2.18m at Chamela to 3.58m 
at Palo Verde (Table 3.14), but means were not different 
either between sites or among latitudes (Table 3.15a). No 
correlation was detected between plot density and average 
nearest neighbor distances.
Nearest neighbor distances between canopy trees and 
other stratum categories did not differ in ANOVA of data for 
all three latitudes, but there were significant differences 
between some latitudinal pairs (Table 3.15). These were 
most pronounced between 10° and 0°, for subcanopy trees, 
subcanopy plus shrub layer, and for lianas (Table 3.15c-e); 
average subcanopy tree distances to canopy trees were also 
different at 20° from the sites at lower latitudes (F175 = 
6.08, P = 0.0159; Table 3.15c).
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Figure 3.11.Representative mapped plots (25m x 25m) from 
each of the sites. Circles are proportional to trunk 
diameter (not crown width). Canopy trees are open circles; 
stems of all other strata are filled circles, a) Chamela
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Among the randomly distributed canopy trees at all five 
sites, the stems of other strata were generally distributed 
uniformly relative to the trees, at distances less than 
those of nearest canopy neighbors (Table 3.14). That is, 
except for lianas, the smaller stems appeared to be located 
interstitially within the canopy tree distributions. The 
shrub layer plants in all sites were significantly and 
uniformly distributed away from canopy stems (column 2), but 
not as strongly as were the subcanopy trees (column 3), 
despite their similarity of mean nearest neighbor distances 
(which ranged between 2 and 3m). Only the spatial dispersion 
of lianas relative to canopy trees varied widely among the 
sites: dispersal was random at Chamela, Palo Verde, and 
Rancho Grande and aggregated at Guanica and Weri-Mur (column 
5) .
Horizontal patterns of dispersal of all stems among 
interspecific species pairs (with populations sufficient for 
testing) were significantly non-random at all sites (Table 
3.16). At each of the five sites plant populations exhibited 
both positive and negative associations among many canopy 
and understory pairs. The strongest deviation from random 
dispersal of understory plants relative to canopy trees was 
at Chamela, and the weakest at Palo Verde. (However, Palo 
Verde's result may have been an artifact of the small number 
of canopy species with significant populations within the 
sampled plots).
Table 3.14. Summary of z statistic test of deviation from random dispersal among 
nearest neighbors within the canopy stratum and for other strata relative to 
canopy trees. Ns (0) = random distribution; negative values indicate aggregation; 
positive values indicate uniformity of spatial dispersion (p <0.05). Average 
distance (m) to nearest neighbor (± standard deviation), and the number of plants 
used in each comparison (n) are given.
SITE
Chamela
Guanica
Palo Verde
Rancho Grande
Weri-Mur
Within
canopy
-1.68 ns 
2.18m ± 0.31 
n=58 6
- 2.12 *  
2.2 3m ± 0.53 
n=685
1.80 ns 
3 .58m ± 0 . 7 2  
n=291
-0.84 ns 
2.88 ± 0.39 
n=357
1.32 ns 
2.91m ± 0.48 
n=403
Shrub layer
26.36 *
2.03m ± 0.36 
n=1315
30.16 *
1.90m ± 0.51 
n=1598
59.64 *
2.94m ± 0.50 
n=1194
32.72 * 
2.60 ± 0.46 
n=1004
31.56 *
2.49m ± 0 . 63 
n=1063
Subcanopy
108.72 * 
2.01m + 0 . 3 4  
n=2973
149.76 * 
1.92m ± 0.52 
n=3967
111.64 * 
3.08m ± 0 . 7 2  
n=1716
124.16 *
2.56 ± 0.43 
n=2400
67.64 * 
2.45m ± 0.41 
n=1688
Shrub layer 
and 
subcanopy
185.48 * 
2.02m ± 0.34 
n=4288
235.48 * 
1.92m ± 0.51 
n=5565
215.64 *
3.02m ± 0.60 
n=2910
202.12 * 
2.57 ± 0.44 
n=3404
140.52 * 
2.47m ± 0.46 
n=2751
Lianas
6.68 * 
1.80m ± 0.26 
n=527
-11.44 * 
1.79m ± 0.57 
n=394
9.08 *
2.67m ± 0.75 
n=779
7.28 * 
2.14 ± 0.65 
n =873
-10.52 *
1.92m ± 0.61 
n=162 152
Table 3.15. ANOVA of latitudinal differences of nearest 
neighbor distances among strata, within 16 replicate plots per 
site. Latitude is a fixed effect, with random sites nested 
within latitude. Dependent variable is the plot mean z 
statistic of distance between individual plants: the difference
between observed and 
root of the variance
expected distances, divided 
(see methods), a = 0.05.
by the square
a) Canopy trees
Source df Mean square F P
Latitude 2 1.57 0. 60 0.6253
20° vs l0°+0° 1 3.06 3.40 0.0691
10° vs 0° 1 0.44 0.49 0.4843
Site(latitude) 2 2.63 2.92 0.0603
Error 75 0.90
Total 79
b) Shrub layer and canopy trees
Source df Mean square F P
Latitude 2 173.28 0.94 0.5156
20° vs 10°+0° 1 128.33 1.99 0.1628
10° vs 0° 1 142.67 2.21 0.1414
Site(latitude) 2 184.40 2.86 0.0638
Error 75 64.57
Total 79
c) Subcanopy and canopy trees
Source df Mean square F P
Latitude 2 1316.51 2.86 0.2590
20° vs 10°+0° 1 1521.06 6. 0B 0.0159*
10° vs 0° 1 1685.34 6.74 0.0113*
Site(latitude) 2 460.21 1.84 0.1659
Error 75 250.08
Total 79
(con'd.)
d) Shrub layer, subcanopy, and canopy trees
Source df Mean square F P
Latitude 2 2013.15 2.76 0.2662
20° vs 10°+0° 1 1322.46 2.28 0.1354
10° vs 0° 1 3443.45 5.93 0.0172*
Site(latitude) 2 730.40 1.26 0.2900
Error 75 580.42
Total 79
e) Lianas and canopy trees
Source df Mean square F P
Latitude 2 127.87 1.54 0.3931
2 0° vs l0°+0° 1 1. 69 3.11 0.0817
10° vs 0° 1 233.22 430.98 0.0001*
Site(latitude) 2 82.83 153.06 0.0001*
Error 75 0. 54
Total 79
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Non-random spatial associations of canopy trees and 
conspecific juveniles were found to exist at all sites 
(Table 3.17). Unfortunately, the five sites had relatively 
low population densities of individual canopy tree species, 
so that few groups were amenable to testing within the 
limits of the discrete 625 m2 plot areas, compared for 
example to Hubbell's (1979) sample of 14 contiguous 
hectares, or to studies at Barro Colorado (e.g., Condit et 
al. 1992). At Chamela and Guanica same-species adults and 
juveniles tended significantly toward aggregation rather 
than to randomness or hyperdispersion. These two sites also 
had higher levels of interspecific aggregation than did the 
more southerly forests (Table 3.17). In general, where 
conspecific associations occurred between canopy trees and 
understory juveniles, they tended to be more positive than 
negative.
Our results suggest that these forests were similar in 
structural characteristics: basal area, density, horizontal 
patterns of dispersion among canopy and understory, and 
general taxonomic composition. However, differences among 
the forests at different latitudes reflected their locations 
inside or outside the hurricane zone, particularly in the 
presence of canopy tree juveniles in all size classes, the 
relatively high density of the subcanopy stratum, and the 
high species richness in small areas.
Table 3.16. Summary of results of x2 matrix test of randomness 
of spatial distribution among canopy tree species and all 
understory species (subcanopy, shrub layer, and liana) of N > 
25. Tree species are those with N > 20; all species with 
fewer than N = 20 were lumped as a single species. * = P < 
0.05; ** = p < 0.005 (see Glitzenstein et al. 1986).
Number of 
tree
SITE species
Chamela
Guanica 0O
Palo Verde
Rancho Grande 7
Weri-Mur
7
Canopy Understory 
trees plants x2
645 4082 511.90 **
685 5109 184.66 **
291 2441 48.06 **
357 3076 51.88 **
403 2395 109.93 **
Table 3.17. Summary of tests of correlations of 
distributions of canopy trees (n > 2 0) and conspecific 
juveniles (n > 25). The Z test (a = 0.05) indicated 
whether non-randomly distributed juveniles were closer to 
(positive) or further from (negative) conspecific adults.
Number of
tree Inter­
SITE species action
Positive Random Negative
Chamela 10 5 * 3 2 *
Guanica 6 5 * 1 0 *
Palo Verde 2 0 * 2 0 *
Rancho
Grande 3 1 * 1 1 *
Weri-Mur 4 3 * 0 1 *
* P < 0.05
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Discussion
Studies of spatial patterns of dispersion in tropical 
forests have been focused on species populations (Hartshorn 
1978, 1980, Hubbell 1979, Armesto et al. 1986, Brokaw and 
Scheiner 1989, Condit et al. 1992, Lieberman and Lieberman 
1992). These studies have addressed the Janzen-Connell 
hypotheses of non-randomness and hyperdispersion of adult 
trees in moist tropical forests (Janzen 1970, Connell 1979, 
1989). Evidence to support various hypotheses of 
clumping/low density of species populations has not been 
examined in the context of overall spatial dispersion (e.g., 
associations between canopy and non-canopy species). For 
example, Armesto et al.(1986) have suggested that 
intraspecific dispersion is random in forests frequently 
affected by hurricanes, but aggregated in forests regulated 
by gap/phase dynamics; degree of interspecific associations 
was not explored.
Having established a basis for comparison among a wide 
range of tropical seasonal forests, we sought to determine 
whether there is compelling evidence for the general 
predominance of gap/phase dynamic in the spatial patterns of 
understory populations. We compared stratification and 
horizontal dispersion of stem size classes and species among 
the shrub, subcanopy, and canopy strata of five deciduous 
tropical forests, examining the premise that chronic, sub- 
lethal canopy disturbance (see Connell 1979, 1989) may
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affect vertical stratification of local species richness and 
local physiognomy (Harcombe and Marks 1977, Barton 1984, 
Brokaw 1985) more than do the autogenic factors (e.g., 
competition for light) inherent in gap/phase regeneration in 
tropical forests with evergreen canopies.
A second objective was to determine whether spatial 
pattern, that is, both vertical and horizontal distribution 
of species, was correlated with density. A corollary to this 
was to examine the relation of canopy disturbance with 
relative density and other physiognomic and demographic 
aspects (e.g., species diversity) of seasonal forests.
Despite many underlying similarities among all five 
forests at three latitudes, the forests at 20° N shared 
characteristics that distinguished them from those further 
south (Figure 3.12). Chamela and Guanica were similar to 
each other and significantly different from the forests at 
10° and 0° in stem density, subcanopy proportions of plants 
and basal area, numbers of lianas, relative stature (size 
class distributions) and physiognomy, and vertical patterns 
of species distribution (Table 3.18). Only in Chamela and 
Guanica did the subcanopy (and shrub layer) populations 
contribute substantially to the total basal area, and 
contain juveniles of almost all extant canopy species. 
Chamela and Guanica had both higher overall density of, and 
smaller, canopy trees; many subcanopy trees in these two 
forests had diameters comparable to those of the canopy tree
24
20
4m
20
4m
Figure 3.12.Theoretical diagram of seasonal forest structure 
in relation to hurricane impact on the canopy (cf Odum 
1970). Forests frequently affected by hurricanes (A) are 
lower in stature, with a dense subcanopy stratum. Less 
affected forests (B) have lower stem densities and taller 
emergents.
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Table 3.18. Summary of differences of structural and demographic 
characteristics between the forests at 2 0° and those at 10° and 
0° north latitude.
Attribute
Basal area
Density
Species numbers/%
Horizontal pattern
Vertical pattern
Differences
(No difference in total basal area)
Strong latitudinal effect: canopy less, subcanopy 
more at 20°; shrub/lianas vary independently
Total density higher at 2 0°
Subcanopy extremely dense at 20°;
All interactions highly significant except shrub 
layer density relative to canopy+subcanopy
(No difference in overall plot means or shrub 
layer proportion; tree juveniles predominate over 
shrub species)
More canopy and subcanopy species at 20°;
More lianas at 10° and 0°
(All canopy trees randomly dispersed;
No differences in distribution of other strata 
relative to canopy trees)
Higher degree of positive, non-random associations 
between species pairs at 20°
Species more vertically mixed at 20°; more 
stratitfied at lower latitudes
Few/no species found exclusively in canopies at 2 0°
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trunks. At Palo Verde, Rancho Grande, and Weri-Mur, tree 
stem diameters were more strictly correlated with their 
stratum position, and there were more emergent trees in more 
heterogeneous canopies.
Contrary to expectations, the shrub layer stratum in 
these forests was consistently dominated by juveniles of 
subcanopy and canopy trees. None of the sites had either an 
appreciable number of shrub species or large shrub 
populations (except for very occasional dense clumps, 
usually coincident with dense lianas). However, all five 
sites had numerous subcanopy tree species that did not 
achieve canopy status. These subcanopy tree populations were 
the most important stratum in all the forest sites in terms 
of actual plant numbers and species concentrations. 
Additionally, subcanopy trees were more likely to have 
multiple stems than were canopy trees.
Differences in species composition and species numbers 
did not appear to be related to physiognomic differences 
among the forests; proportions of species per stratum were 
surprisingly similar among all five sites. Exclusivity of 
species occurrence within strata, however, separated the 
forests in the zone of frequent hurricanes (Chamela and 
Guanica) from those further south. The equatorial forest 
also differed from those at 10° north, indicating a gradient 
of decreasing mixing (or increasingly discrete species 
stratification) with decreasing latitude. Despite their
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disparate absolute species numbers, Chamela and Guanica had 
similarly high subcanopy densities and an equally high 
degree of mixing of species among strata. In both these 
forests there were few or no species of trees that appeared 
exclusively in the canopy; both sites at 20° N had fewer and 
smaller lianas.
The three forests that lie south of the zone of 
tropical storms, while varying greatly in local edaphic 
conditions and species composition, shared many structural 
characteristics (see Gentry 1988). They were taller, more 
stratified, and had larger populations of bigger lianas than 
the sites at 20° north. Palo Verde, Rancho Grande, and 
especially Weri-Mur, had canopy emergents for whose species 
there were no juveniles present in the plots, indicating 
different regeneration patterns from the frequently 
hurricane-affected forests (see Armesto et al. 1986).
The structure of seasonal forests unaffected by 
periodic canopy disturbance may come to resemble that of 
moister forests in size class distribution of the canopy 
tress, and in vertical structure. According to Brokaw 
(1985), describing moist forest, "the size class structure 
of many tropical forest trees is related to the persistent 
stage in which they await gap opening." However, the 
horizontal spatial dispersion of juveniles and understory 
species in seasonal forests appears to be less patterned by 
gap/phase dynamic of canopy trees than in moist or evergreen
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forests. In dry seasonal forests, the high density and 
diversity of the subcanopy stratum may be due not to strong 
competition for canopy position, but to one or both of two 
factors: 1) subcanopy light levels that are consistently 
sufficient for growth and reproduction for most species; and 
2) effects of canopy disturbance that periodically raise 
light levels and reduce competition from established canopy 
trees.
The data suggest that at Chamela and Guanica, the canopy 
stratum is physically suppressed by regular disturbance, 
which also contributes to the high degree of mixing of 
subcanopy and understory species, and numerous canopy 
species juveniles. In the forests at 20° north, the 
periodic thinning of canopy crowns by hurricane winds (but 
not necessarily causing canopy tree mortality; see Boucher 
et al. 1990) reinforces the structural and compositional 
predominance of the subcanopy stratum. Recent discussions 
of the effects of hurricanes have emphasized that outright 
tree mortality is not often significant in angiosperm 
forests (Boucher et al. 1990, Reilly 1991, Walker 1991, and 
see Harcombe 1987). Rather, the impact of even the most 
intense winds is to shatter the upper canopy structure 
without killing main stems. Resprouting of damaged stems 
rather than massive sapling recruitment (despite high 
germination rates) is the general pattern of recovery from 
hurricane impacts (e.g., Walker 1991). Hurricanes in the
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tropics and subtropics occur during the wet season, when the 
canopy is in full leaf and damage potential (due to wind 
resistance) is greatest. However, in these five sites there 
was almost no evidence of tip-ups (as occur commonly in 
moister forests, where trees may fall because of soil 
saturation even in the absence of strong winds). Rather, 
evidence of limb damage was common, and most canopy tree 
mortality (whatever the cause) was standing death, with 
eventual crown disintegration and no clear "gap" formation. 
The legacy of this process was seen clearly in the structure 
of the two forests at 2 0° north.
In each of the five sites, the comparison of predicted 
with observed species/area curves indicated a consistently 
high degree of species mixing; this may be due largely to 
lack of any specific competitive dominance within the 
irregular, seasonally open canopies. However, at Chamela 
and Guanica, the first plot of observed averages actually 
lay above the 95% confidence interval of the predicted 
species/area curves, suggesting another level of influence. 
Fine-scale heterogeneity may be due to frequent canopy 
thinning and both higher and more constant rates of juvenile 
recruitment in hurricane-affected forests.
The vertical spatial dispersion patterns of individual 
plants and species populations in these seasonal forests may 
be attributable to the allogenic (external) influence of 
canopy disturbance by hurricanes. The understory
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composition appears to reflect less an abiotic gap/phase 
cycle of successional species replacement than a dense and 
random assemblage maintained by regular opening of the 
canopy, confounding the pioneer/secondary species paradigm 
(see Whittaker 1975, Whitmore 1989) that obtains in forests 
of evergreen canopy. The preeminence of the subcanopy 
density and interstratum species diversity in the hurricane- 
affected seasonal forests contrasts sharply with the more 
discrete vertical stratification in forests of similar taxa 
and seasonality at lower latitudes, but without frequent 
large-scale canopy disturbances.
Significant examples of aggregation and hyperdispersion 
among conspecific adult and juvenile trees (c.f. Hubbell 
1979, Armesto et al. 1986, Condit et al. 1992) existed in 
all the forests. Positive and negative spatial associations 
between canopy and understory stems existed also for pairs 
of species at each of the sites, but because of low species 
population densities these patterns were apparently not 
significant at the community level. No 'matrix' of canopy 
dominant species appeared to establish a pattern of canopy 
regeneration sequence, as has been suggested both for mesic 
temperate and for moist tropical forests. (However, the 
small replicate plot areas may have precluded detection of 
larger-scale species associations or assemblages). More 
importantly at the local scale, spatial dispersion by size 
class appeared to override any species interactions. Both
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general forest physiognomy and vertical dispersal of species 
appeared to be independent of site species composition (see 
MacArthur 1969, Smith 1973, Armesto et al. 1986).
With the exception of liana distributions, horizontal 
spatial characteristics among stems of all strata had almost 
identical patterns in all five sites, irrespective of 
density, species composition or relative dominance. Canopy 
trees were randomly dispersed throughout the plots in all 
sampled forests. All understory plants showed significant, 
uniform dispersions away from canopy tree trunks, regardless 
of mean nearest neighbor distances. These interstitial 
distributions of shrubs, subcanopy trees, and canopy 
juveniles do not support the idea of clumps that would 
result from treefall gaps (see Armesto et al. 1986). Rather, 
the observed horizontal patterns indicate dispersion that, 
if correlated to competition, is more likely to be based on 
root system competition for seasonally scarce moisture than 
on foliar competition for limited light (e.g., Hartshorn 
1980, Denslow 1987). Such an interpretation would amplify 
the effects of canopy disturbance in accounting for higher 
subcanopy density and local diversity in tropical seasonal 
forests affected by hurricanes.
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CHAPTER 4: LATITUDINAL CHANGES IN SEASONAL FORESTS 
Introduction
Modern comparisons of temperate and tropical forests 
began with Humboldt's (1851) observation that as elevation 
increased in the Andes, moist lowland tropical forest gave 
way to "temperate" landscapes and plant communities (see 
Grubb et al. 1963). Since Wallace's (1878) postulation of a 
latitudinal gradient in species diversity, various aspects 
of temperate mesic deciduous (hardwood) forests have been 
repeatedly contrasted to those of tropical lowland evergreen 
rain forests (e.g., Whittaker 1967, 1976, Pielou 1966, Smith 
1973, Lorimer 1985, Gentry 1982, 1988, Stevens 1989, Canham 
et al. 1990). Studies of tropical forest structure have 
been predominantly of moist evergreen forests, e.g., in 
Barro Colorado, Panama, La Selva, Costa Rica, Los Tuxtlas, 
Mexico, and the upper Amazon basin (Hartshorn 1978, 1980, 
Gentry 1982, Barton 1984, Brokaw 1985, Denslow 1987, Swaine 
et al. 1987, Lieberman and Lieberman 1987, 1993, Popma et 
al. 1988; but see Lugo et al. 1978, Hubbell 1979, Kelly et 
al. 1988, Lott et al. 1987, Bullock et al. in press). 
Temperate forests used in such comparisons have included the 
Appalachian hardwoods (e.g., Hubbell 1979, Runkle 1989, 
Canham et al. 1990) and the forests of the southeastern U.S. 
coastal plain (Terborgh 1985, Platt and Schwartz 1990).
Along the latitudinal gradient from boreal to
equatorial forests of the Americas, tropical seasonal dry
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forests— not evergreen moist or rain forests— are 
ecologically analogous to temperate deciduous forests. These 
similarities have been noted for seasonality of phenology, 
taxonomic composition, life forms, tree life histories, and 
vertical stratification (Smith 1973, Ewel 1980, Gentry 1982, 
Terborgh 1985, Gentry and Dodson 1987). Temperate zone. 
gradations have been more often explored than tropical 
(Stevens 1989); there is good evidence for increasing 
complexity of understory composition from cool to warm 
temperate forests (Braun 1950, Marks and Harcombe 1975, 
Harcombe and Marks 1977, Terborgh 1985, Davis 1986, Stevens 
1989, Platt and Schwartz 1990). Evidence is lacking, 
however, for latitudinal gradients of structure and 
community composition within the dry seasonal tropics, other 
than for altitudinal progressions or moisture gradients 
(e.g., Grubb et al. 1963, Holdridge et al. 1971, Kelly et 
al. 1988, but see Hubbell 1979).
Seasonally deciduous, angiosperm-dominated forests 
occur in North, Central, and South America, from sub-boreal 
temperate uplands to lowland equatorial regions. Temperate 
forests are synchronized by photoperiod and winter frosts 
(Runkle 1989) ; tropical seasonal forests by dry periods 
(Ewel 1980, Murphy and Lugo 1986). Unlike gymnosperm or 
evergreen angiosperm-dominated forests, seasonal forests at 
all latitudes have characteristic vertical stratification of 
species and of individual plants, including both shrubs and
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subcanopy trees, in which understory plant architecture may 
be horizontal (Smith 1973, Lorimer 1981, Terborgh 1985). 
Seasonal openness of the canopy has been suggested 
repeatedly as the basis for persistent understory plant 
populations, even in the absence of canopy gaps (Whittaker 
1967, Smith 1973, Ewel 1980, Gentry and Dodson 1987, Canham 
et al. 1990) .
We studied nine lowland seasonal forests over a range 
from 0° to 4 0° north, addressing the idea that structural and 
compositional complexity increases with decreasing latitude. 
First, we established that across the latitudinal range the 
chosen forest sites were comparable in demography. We then 
examined structure, composition, and patterns of spatial 
dispersion for all plants and species with woody stems >lcm 
dbh. One hectare (comprised of 16 non-contiguous plot 
replicates) was mapped and sampled at each site. Specific 
null hypotheses were that: 1) No differences exist among 
(temperate and tropical) seasonal forests in basal area, 
density, or in proportions of plants in four broadly defined 
vertical strata; 2) No latitudinal differences exist among 
seasonal forests in horizontal and vertical patterns of 
dispersion among strata and among canopy tree/understory 
interactions; and 3) Relative species diversity (as measured 
within vertical strata) does not increase as latitude 
decreases or as the dynamic of regeneration changes.
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Figure 4.1. Study site locations at approximately 40°, 30°, 
20°, 10°, and 0° north latitude, in North, Central and South
America.
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Methods
Sites
Nine 1 ha study sites, illustrated in Figure 4.1, were 
established on a latitudinal gradient from approximately 40° 
north to 0° latitude in low elevation seasonal hardwood 
forests. Originally, 8 sites were chosen in four pairs to 
provide replication within latitude; one unreplicated 
equatorial forest was added when it became available for 
study. Criteria for site selection included 1) location very 
close to ten degree intervals in latitude from 0 to 40° N,
2) elevation below 500m, 3) documentation of seasonality of 
forest canopy, and 4) long-term protected land status and 
administrative amenability to permanent research plots (see 
Castner 1989). General characteristics of each site are 
presented in Table 4.1.
Four temperate forest sites were located at two 
latitudes on either side of the Appalachian divide that 
bisects the eastern United States (Braun 1950). The sites at 
40° were: Hueston Woods, a state park since 1941, located in 
Preble County, Ohio (Vankat et al. 1975, Canham et al.
1990); and Black Rock Forest, Orange County, New York, a 
privately held research forest formerly managed by Harvard 
University (Raup 1964, Lorimer 1981). At 30° north, the 
sites were: Tunica Hills, West Feliciana Parish, Louisiana, 
owned by the Louisiana Nature Conservancy (Delcourt and 
Delcourt 1974); and Titi Hammock, Thomas County, Georgia,
Table 4.1. Location and physiognomic characteristics of the sites. Site-elevations ace 
approximate for individual plot locations. Disturbance regime details and all citations 
are given in the text.
Latitude/ Eleva- Precip- Disturbance
tion itation ____________________________
Longitude Substrate (m) (mm/yr)
Hurricane Fire Landslide
Hueston Woods, 
Ohio USA
3 9°3 0' N 
84*45^
humus,
clay
300 900 rare occas­
ional
occas­
ional
Black Rock Forest 
New York USA
41°2 4'N 
74°W
granitic,
glaciated
300 1170 occas­
ional
occas­
ional
rare
Tunica Hills, 
Louisiana USA
30°50' N 
89°30'W
loess 30 1400 fre­
quent
rare fre­
quent
Titi Hammock 
Georgia, USA
31°05'N
84°20'W
oceanic
sediments
80 1370 fre­
quent
fre­
quent
rare
Chamela, Jalisco 
Mexico
19°30'N
105°3'W
basaltic
alluvium
90 750 fre­
quent
rare rare
Guanica, Puerto 
Rico, USA
18°00'N 
66°55' W
limestone 135 930 fre­
quent
rare rare
Palo Verde, Guana- 
caste, Costa Rica
10°20'N
85°18'W
limestone 50 1750 rare fre­
quent
rare
Rancho Grande, 
Aragua, Venezuela
10°23'N
67°40'W
granitic,
oxidized
400 1140 rare rare fre­
quent
Weri-Mur, Rupununi 2°59'N basaltic 120 1520 rare fre­
quent
rare
District, Guyana 59°21'W alluvium
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privately owned land leased under a conservation easement to 
the Georgia Nature Conservancy (Blaisdell et al. 1974, Platt 
and Schwartz 1990).
The five tropical sites were located in lowland, 
seasonally deciduous forests. At 20° north, the sites were: 
Chamela, Jalisco, Mexico, a biological station of the 
Universidad Nacional Autonoma de Mexico (Lott et al. 1987); 
and Guanica, Puerto Rico, a state park (Little and Wadsworth 
1964, Lugo et al. 1978, Wadsworth 1990). At 10° north, the 
sites were: Palo Verde, Guanacaste, Costa Rica, an 
Organization for Tropical Studies biological station within 
a national park (Janzen 1983, Hartshorn 1983); Rancho 
Grande, Aragua, Venezuela, a biological station of the 
Central University of Venezuela, also located within a 
national park (Pittier 1920, Huber 1986). The equatorial 
site was located at Weri-Mur, Rupununi District, Guyana, in 
a belt of deciduous forest (between savanna and moist 
forest) adjacent to a freehold ranch property within the 
nationally protected Amerindian zone at the border of the 
Guiana shield and the Amazon basin.
Patterns of seasonality differ between the tropical 
and temperate forest groups. The total annual rainfall at 
all sites ranges from 750 to 1500 mm/year, with large 
variation among both temperate and tropical sites (Table 
4.1). The seasonality of the rainfall, however, differs 
between temperate and tropical sites. At the temperate
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sites, rainfall tends to be distributed fairly evenly 
throughout the year (Figure 4.2a-d). At the tropical sites, 
there is marked seasonality of annual rainfall, which may be 
unimodal or bimodal (Figure 4.2 e-i). Each tropical site has 
a variable but distinct dry season of three to six months 
during which most or all canopy trees lose their leaves 
synchronously; shrubs and subcanopy trees are more or less 
deciduous depending on taxon and temporal conditions 
(Frankie et al. 1974, Rzedowski 1978, Lugo et al. 1978, 
Hartshorn 1983, Gomez 1986, Huber 1986, Lott et al. 1987, 
D.deFreitas pers comm).
The seasonality of temperate sites is defined by 
probable frost-free days; there are about 275 at 30° and 180 
at 40° (Figure 4.2 a-d). The loss of leaves by canopy trees 
is synchronous and based on photoperiodicity (Runkle 1989). 
The parameters of seasonal growth are more clearcut in cold 
temperate forests than in the warm temperate or tropical 
forests, where anomalous wet periods may enable germination 
or growth during the normal season of dormancy. Axelrod 
(1966) has hypothesized that temperate deciduous habit (and 
photoperiodic anticipation of seasonal frost) may been 
derived in tropical taxa preadapted to seasonal drought. 
Field procedure
At each site, a transect of ±3 km was established 
through representative forest, avoiding trails and 
identifiable anthropogenic disturbances (e.g., old
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Figure 4.2. Average monthly precipitation (mm) at each of 
the sites. Dark horizontal bars superimposed on the 
temperate graphs represent average annual frost-free 
periods. Temperate data source was the National Economic, 
Social, and Environmental (NESC) data bank, 1992, for 
Cincinnati, OH, West Point, NY, St.Francisville, LA, and 
Thomasville, GA. Tropical data sources were: Bullock 1986 
(Chamela, 20 yr), Lugo et al. 1978 (Guanica, 65 yr) , Frankie 
et al. 1974 (Palo Verde, 10 yr), Venezuela Ministry of the 
Environment, Maracay, 1992 (Rancho Grande, 60 yr unpub.), 
and D.deFreitas, Dadanawa, 1991 (Weri-Mur, 10 yr unpub.).
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agricultural clearings). From 25 or more potential plots,
16 were randomly chosen to comprise a sample area of 1 ha. 
These plots were assumed to be sampling units for the 
community as a whole, and were treated as replicates in the 
analyses. Each plot was a 25 x 25m square, permanently 
marked at the corners. Details of plot layouts and mapping 
methods are presented in Quigley and Slater (1994).
Within each plot, all woody plants >1 cm dbh were 
marked at breast height (1.4 m) with sequentially numbered 
aluminum tags. On plants with multiple stems, only the 
largest trunk was tagged. Diameter was measured consistently 
at breast height regardless of buttressing or height of 
first branching. Lianas were considered within the plot if 
they were inside the plot at 1.4m, even if they were rooted 
outside the plot. Each plant was measured, identified, and 
mapped; notes were made regarding phenology and damage 
condition. Although absolute stature varied locally among 
plots, vertical strata were consistently defined as: 1) 
understory, less than 2.5m tall; 2) subcanopy, all stems > 
2.5m but with crowns not reaching unobstructed light; 3) 
canopy, crowns unobstructed by other trees; and 4) liana, 
woody vines or scramblers not self-supporting beyond 
juvenile stage. Christensen (1977) considered 10 cm dbh to 
be the approximate breakpoint between subcanopy and canopy 
tree in temperate seasonal forest; this was generally true 
for all forest sites in this study except Guanica, where
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some canopy trees were as small as 8cm dbh. Popma et al. 
(1988) also used this relative terminology of canopy, 
subcanopy, and understory (i.e., shrub layer) in describing 
tropical forest stratification in Mexico.
Voucher specimens were collected for each species 
encountered, coded in the field, identified later by 
taxonomic authorities, and deposited in the Herbarium of 
Louisiana State University and in appropriate Herbaria in 
the countries of origin. Appendices A-D are lists of 
temperate and tropical species and their families.
Analysis
Demographic and pattern data were analyzed separately. 
Whenever parametric analyses were used, all data were first 
tested by UNIVARIATE procedure for normal distribution 
(using the residuals) and homoscedasticity (using residuals 
plotted against predicted values; Steel and Torrie 1980). 
Distributions not meeting the assumptions of ANOVA were 
transformed until the assumptions were met (Sokal and Rohlf 
1981, SAS 1993) .
Replicated data
A split-split plot ANOVA (Sokal and Rohlf 1981) based 
on 16 plot replicates per site was used to analyze data sets 
for basal area, plant and stem density, and species numbers 
and species proportions/stratum. In this model fixed 
effects were latitude and stratum, and random effects were 
site (within latitude) and plot (within site). For these
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analyses, basal area data were log-transformed, while plant 
density and stem density data sets were square-root 
transformed. Data for species per stratum, as well as for 
proportions of site total species per stratum, did not 
require transformation. A set of a priori orthogonal 
contrasts, presented in Table 4.2, was used with each ANOVA. 
The effect of latitude was tested with site(latitude) as the 
error term; both stratum and the effects of interaction 
between stratum and latitude were tested with 
plot(site(latitude)) as the error term. Null hypotheses were 
that no quantitative differences existed for plot means of 
each variable measured, among latitudes, among strata, or 
among different strata at different latitudes. An additional 
ANOVA was performed to examine canopy proportion of basal 
area, independently of other strata; Duncan's New Multiple 
Range test was used to rank the sites by plot means.
Species area curves were generated for each site. 
Methods of Platt and Schwartz (1990) were followed. For each 
site, curves based on observed distributions of species 
among the 16 plots were generated by selecting the plots in 
random order and obtaining the cumulative quantity of 
species with increasing area. This process was repeated 10 
times to obtain a mean observed distribution. The resulting 
curve was then compared to a predicted curve, created by 
1,000 Monte Carlo simulations in which the same numbers of 
species (in the same relative abundances) were independently
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Table 4.2. Orthogonal contrasts of latitude and 
stratum used in the ANOVAs of replicated data, based 
on 16 plots per site. Error term for test of 
latitude is site(latitude); error term for stratum 
and for latitude*stratum contrasts is 
plot(site(latitude).
Latitude
40°+30° vs 20o+10°+0°
40° vs 30°
2 0° vs 10°+0°
10° vs 0°
Stratum 
1+2+3 vs 4
1 vs 2+3
2 vs 3
Latitude * stratum
(40°+30°) vs (20°+10°+0°) * (1+2 + 3) V S  4 
(40°+30°) vs (20°+10°+0°) * 1 vs (2+3)
(40°+30°) vs (20°+10°+0°) * 2 vs 3
0O
vs 3 0° * ( 1+2+3) vs 4
oO
vs 3 0° * 1 vs (2+3)
oO
vs 3 0° * 2 vs 3
oOCM vs (10°+0°) * (1+2+3) vs 4
to O
o vs (10°+0°) * 1 vs (2+3)
to o o vs (10°+0°) * 2 V S  3
H O
o vs 0° * ( 1+ 2 + 3 )  vs 4
H O
o vs 0° * 1 vs (2+3)
10° vs 0° * 2 vs 3
187
distributed among the plots. Confidence intervals were 
constructed that contained 95% of the cumulative species 
expected v/ithin areas of increasing size. Linear regressions 
were fitted to the observed (means) species/area curves, 
using the 10 runs (per 16 plots) to generate the point 
scatter. A nested ANOVA model, site within latitude, tested 
the means of plot replicates of the observed species per 
area to determine latitudinal differences.
Non-replicated data
Three analyses were performed on data sets comprised of 
combined, unreplicated site totals. Species dominance was 
graphed as log abundance of species (regardless of stratum 
or size class) plotted against that species' rank. Site 
differences of mean species abundance by species rank were 
tested by ANCOVA, along with contrasts among latitudes; rank 
was the covariant. Frequencies of plants within 2 cm dbh 
size classes were log-transformed and plotted against the 
log-transformations of size classes; latitude and site 
differences were tested by ANOVA. Regression lines were 
fitted to the curves for each data set at each site. 
Non-parametric analysis
Two detrended correspondence analyses (DECORANA, Peet 
et al. 1988) were performed for all site plant populations 
per stratum, to provide a summary analysis of demographic 
structure. The first test compared overall populations to 
gauge the appropriateness of assumptions required to perform
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statistical tests. The second analysis tested for 
correlation among variations in stratum population 
densities, to determine independence of varying stratum 
proportions within sites. Although DECORANA has limited 
theoretical value (Peet et al. 1988), the biplot diagrams 
were useful illustrations of demographic trends.
A detrended canonical correspondence analysis (DCCA, 
TerBraak 198 6) was used to compare all strata populations in 
the context of broad environmental variables. Vectors were 
constructed by ranking categories of latitude (40° 30°, 20°, 
10°, and 0°) , precipitation (annual average) , seasonality of 
precipitation (strong, moderate, negligible), and 
disturbance (hurricane, fire and landslide)* (frequent, 
occasional, rare). Hurricanes were weighted at 3 times, and 
fire at twice the importance of landslide effects. The 
biplot vector diagram of these data illustrated trends of 
positive and negative correlation among strata and 
variables, and the relative importance of each vector in the 
stratum proportion. Length of a vector indicated its 
relative importance.
Size class distributions were compared between 
temperate and tropical sites. Proportions of all plants per 
size class (2, 5, 10, 20, 30, and >30 cm dbh) were tested. A 
Kolmogorov-Smirnov procedure (Sokal and Rohlf 1981) was used 
to compare the distributions, with a hypothesis of no 
difference between temperate and tropical zones.
Spatial dispersion
Vertical structure was examined in two ways. First, 
locations of plant crowns at each site were tabulated by 
stratum, and each stratum's share expressed as a percentage 
of total species for the site. These data were tested by 
ANOVA for differences among latitudes, nesting site within 
latitude. Second, species that occurred exclusively in one 
stratum were identified for non-statistical comparison of 
relative exclusivity and layering of species among strata at 
each individual site.
Horizontal structure was examined using nearest 
neighbor distances computed from Cartesian coordinates 
(Clark and Evans 1954, Sinclair 1985, Ludwig and Reynolds 
1988) . Nearest neighbor distances were calculated among all 
plants based on their stratum assignments. Five combinations 
of inter-stratum nearest neighbor distances— canopy trees, 
shrub layer stems, subcanopy trees, lianas, and shrub 
layer/subcanopy combined, all relative to canopy trees— were 
tested for deviation from random distribution.
The first test of spatial pattern (deviation from 
random distribution) used the algorithm developed by 
Donnelly (1978) based on observed versus expected distance 
of nearest neighbors within individual plots. "Edge effects" 
can be ignored in this method so that no data are 
sacrificed; see Diggle (1983) for justification. In the
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determination of randomness, the distribution of y is
approximately normal, with mean and variance:
0.051+ 0 . 0421
n &  il{ A)
1
Vax [y] = 0 . 07On"2 A + 0 . 037 [n~5 A] 2 1 (A)
where A is plot area, 1(A) is the length of the plot 
boundary, and n the number of plants under comparison in 
each individual plot. When compared to the appropriate "z" 
statistic, significantly small or large values of y indicate 
aggregation or uniformity, respectively, of spatial 
dispersion (Diggle 1983). In this case, there were 16 zx 
statistics for each site. In order to test the null 
hypothesis of no aggregation at each site a Z test was done 
by considering that, under H0, Z; is approximately N(0,1), i 
= 1, . . ., 16. Hence,
Z= JL=4Z 
_1
4
and our Z test statistic is:
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The critical value of Z, for significance at a = 0.05, is 
1.96.
Nearest neighbor distances for each categorical 
comparison were tested by ANOVA to examine differences 
between latitudes, using a model of (random) sites nested 
within fixed effects of latitude. Because numbers of plants 
varied among the 16 plots per site, the dependent variable 
was Z; (which was already standardized for plot density), 
defined by:
y-E(y) 
y/var (y)
where y was the average nearest distance per plot for each 
categorical comparison. For each test, the null hypothesis 
was that of no difference in plot means of inter-categorical 
distance, between latitudes or among sites. Contrasts were 
again tested among the five latitudes, four strata, and 
their interactions (see Table 4.2).
Comparison of observed occurrences of nearest 
neighbors to expected distances— based on random 
distribution of neighbors in the various combinations being 
examined--was used to identify negative, positive, or non­
significant associations among stems of canopy and 
understory pairs of plants. Deviations from random inter- 
and intra-specific dispersions were tested among canopy 
stems and all combined shrub layer and subcanopy plants
(i.e. "understory"). Methods of Glitzenstein et al. (1986) 
were followed. For species populations with sufficient 
sample sizes (n > 20 for canopy trees, n > 25 for understory 
stems), inter- and intraspecific combinations were tested. A 
matrix comparison (of single classification x2 tests) of 
expected versus observed proximity values of small stems of 
given species to canopy trees of given species was 
performed. The equation
expresses the expected frequency of occurrence (f') of a 
given species in the canopy as the nearest neighbor (when 
combined at random) to a small stem of the same or another 
species, where S is the number of small stems, L is the 
number of large stems of the species in question, and N is 
the total number of large (canopy) stems of all species. A 
second test, using the same algorithm, was run to detect 
non-random spatial dispersal among canopy trees and their 
conspecific juveniles in the shrub layer and subcanopy. 
Results 
Structure
Basal area did not differ among latitudes. Individual 
stratum contributions to basal area, however, did vary among 
latitudes, and were most different at 40° N (Figure 4.3).
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Table 4.3. Structural characteristics of the sites. Standard 
errors of densities and basal area (m2/ha) are based on 16 plot 
replicates per site. Canopy and emergent heights (m) are 
approximate. The numbers of species and families (in parentheses) 
are presented for all 16 plots per site. The heights (m) of canopy 
and emergent trees (in parentheses) are approximate.
SITE Plants/ha Stems/ha
Numbers of 
species 
(Families)
Canopy
height
(Emer­
gent)
Basal
Area
Hueston
Woods
2537 +139 2823 ±158 44
(19)
20
(25)
32.4 ± 
3.8
Black Rock 1402 ±87 2153 ±230 44
(21)
20
(25)
28.0 ± 
3 . 0
Tunica
Hills
1674 ±123 2520 ±203 68
(32)
25
(30)
29.1 ± 
8.5
Titi
Hammock
1794 ±201 2792 ±324 68
(32)
25
(30)
35.5 ± 
5.3
Chamela 5367 ±328 8398 ±533 137
(52)
10-15
(25)
23.6 + 
4.7
Guanica 6644 ±439 10039 ±752 103
(41)
10
(15)
17.7 ± 
2.4
Palo Verde 3980 ±3 96 6152 ±529 121
(50)
10-20
(25)
31.6 ± 
7.5
Rancho
Grande
4634 ±211 6044 ±234 103
(44)
20
(30)
36.2 ± 
8.2
Weri-Mur 3316 ±246 4006 ±322 100
(40)
25
(40)
48.9 ± 
14.6
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Figure 4.3. Log transformed plot means of basal area for 
each of the four strata, graphed by increasing latitude.
Table 4.4. Split-plot ANOVA table of the effects of 
latitude and stratum on basal area measured as the log of 
basal area per 1/16 ha. Main effect was latitude, with a 
split plot effect of site and a split-split plot effect of 
stratum. Latitude and strata were fixed; site and plot 
replicates were random. Stratum legend: 1)shrub layer;
2) subcanopy; 3)canopy; 4)liana. (*) denotes statistical
significance at a = 0.05; R2 = 0.92.
Dependent variable: log(basal area)
Source df
Mean
Square F P
Latitude 4 5.40 3.55 0.1235
(4 0°+30°) * (20°+10°+0°) 1 13.19 8. 68 0.0422*
4 0° * 3 0° 1 7.58 4.99 0.0892
20° * (10°+ 0°) 1 0.87 0.57 0.4909
10° * 0° 1 0. 00 0. 00 0.9665
Site(Latitude) 4 1.52 11.83 0.0001*
Plot(Site(Latitude)) 135 0.13 0.99 0.5251
Stratum 3 168.07 1291.76 0.0001*
(1+2+3) * 4 1 187.55 1441.50 0.0001*
1 * (2+3) 1 278.97 2144.21 0.0001*
2 * 3 1 37.68 289.58 0.0001*
Latitude*Stratum 12 3.68 28.27 0.0001*
(40+3 0)v s (20+10+0)*
(1+2+3) vs 4
1 18 . 04 138.64 0.0001*
(40+30)v s (20+10+0)*
1 vs (2+3)
1 2.27 17.48 0.0001*
(40+30)v s (20+10+0)* 
2 vs 3
1 0. 01 0.06 0.8104
40VS30 * (1+2+3) vs 4 1 13.58 104.35 0:0001*
40vs30 * 1 vs (2 + 3) 1 0. 03 0.19 0.6613
40vs30 * 2 vs 3 1 0.44 3 .36 0.0676
20vs(10+0)*(1+2+3 )vs 4 1 0.44 3.35 0.0679
20vs(10+0)* 1 vs (2+3) 1 0.73 5. 60 0.0185*
20vs(10+0)* 2 vs 3 1 1.73 13.31 0.0003*
lOvsO * (1+2+3) vs 4 1 2.73 20.97 0.0001*
lOvsO * 1 vs (2+3) 1 0.02 0.13 0.7209
lOvsO * 2 vs 3 1 0. 03 0.21 0.6451
Stratum*
Plot(Site(Latitude)) 417 0. 13
Total 575
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Site basal area ranged from 17. 7m2/ha at Guanica to 48.9m2/ha 
at Weri-Mur, with standard errors ranging between 12% 
(Hueston and Black Rock) and 30% of totals (Tunica and Weri- 
Mur; Table 4.3). ANOVA of log-transformed plot means showed 
no differences among all latitudes (F44 =3 . 5 5 ,  P = 0.12; 
Table 4.4), but did show marginally significant difference 
between tropical and temperate zones (F14 = 8.68, P =
0.0422).
Canopy trees comprised from 70% (at 20° N) to almost 90% 
(at 40° and at the equator) of site basal area. Basal area 
contributions of individual strata were significantly 
different both overall (F3417 = 1291. 76, P < 0.0001) and 
within sites. Except for some variability in 
canopy/subcanopy strata, individual stratum contribution to 
basal area was generally consistent in relative proportions 
for all sites (Figure 4.3). Subcanopy proportion of basal 
area was greatest at 2 0° and least at 40° N. Shrub layer and 
liana basal area were consistently less than 1% in the 
temperate sites (except lianas at Tunica); these strata were 
less than 2% of total in the tropical sites (except lianas 
at Rancho Grande). Shrub layer and liana contributions to 
basal area were variable among latitudes, but roughly 
comparable except at 40° N, where lianas were most scarce 
(Figure 4.3).
Basal area of individual strata was strongly affected 
by changing latitude. While overall interaction of latitude
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and stratum was very pronounced (F12j4i7 = 28.27, P < 0.0001), 
levels of significance varied among the individual 
comparisons (Table 4.4). Two contrasts— shrub layer versus 
canopy+subcanopy and liana versus all other stratum effects 
— were the most important differences in the temperate 
comparisons. In the tropical latitudes the significant 
interactions were subcanopy versus canopy differences 
between 2 0° and lower latitudes, and liana versus all other 
strata between 10° and 0°. It is noteworthy that subcanopy 
versus canopy effects were the same at both tropic and 
temperate latitudes (see Figure 4.3).
At 2 0° N, the largest canopy trees were both shorter in 
stature and smaller in girth than at all other latitudes, 
and many mature subcanopy trees were not much smaller than 
canopy trees. Among all latitudes, the canopy and subcanopy 
proportions of basal area varied almost reciprocally. 
Proportion of basal area comprised exclusively by the canopy 
trees differed among sites (F8135 = 17.11, P < 0.0001; Table
4.5). In the Duncan's grouping, canopy contribution was the 
least (and unique) at Guanica, the same at Tunica and 
Chamela, and not different among the other six sites (Table
4.5). Because the proportional contributions of shrubs and 
lianas to basal area were very small, the proportional 
contributions of the subcanopy basal area varied inversely 
to those of the canopy.
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Table 4.5. ANOVA table and Duncan's Multiple Range Test 
of plot means of the canopy stratum proportion of site 
basal area; a = 0.05.
Dependent variable: % basal area
Source DF
Mean
Square F P
Site 8 0.08006736 17 .11 0.0001*
Error 135 0.00467847
Total 143
Site N Mean Duncan Grouping
Guanica 16 0.6813 A
Chamela 16 0.7375 B
Tunica Hills 16 0.7469 B
Rancho Grande 16 0.8069 C
Titi Hammock 16 0.8350 D C
Palo Verde 16 0.8544 D C
Black Rock 16 0.8569 D C
Weri-Mur 16 0.8725 D
Hueston Woods 16 0.8844 D
The two detrended correspondence analyses (DCA) showed 
both demographic similarity of the nine forests and 
independent variation of individual stratum densities. The 
first, a biplot diagram of stratum proportions (Figure 4.4), 
was performed to examine the assumption that all the sites 
had population structures of sufficient similarity for 
statistical comparison. All nine sites did plot in the same 
quadrant, although Black Rock and Titi were somewhat 
distanced from the central plot cluster. This may be 
explained by higher proportions of canopy trees at Black 
Rock and of shrub layer plants at Titi. The plots of 
Hueston Woods and Weri-Mur, forests located on opposite ends 
of the latitudinal gradient between sites, were almost 
coincident. The second DCA, a biplot diagram of individual 
strata (Figure 4.5), showed the variability in numbers of 
plants per stratum to be virtually independent. As a 
result, analyses of plants per stratum were conducted in 
which these proportions could be assumed to respond 
independently to environmental or latitudinal differences.
The density of individual plants was greater in 
tropical than in temperate forests (Figure 4.6a). Numbers of 
plants with primary trunks > lcm dbh ranged from 1402/ha at 
Black Rock to 6644/ha at Guanica, with standard errors 
generally less than 10% of the density value (Table 4.3). 
ANOVA results indicated significant differences both among 
latitude (F44 = 18.15, P = 0.0079), among sites (F4135 =
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Figure 4.4. Biplot diagram of the nine seasonal forest 
population structures, based on detrended correspondence 
analysis (DCA) of the stratum proportions per site.
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1AXIS 1 
•4
STRATUM Axi Ax 2
1 - SHRUB/JUVENILE 51 130
2 - SUBCANOPY 38 -47
3 - CANOPY -139 12
4 - LIANA 223 -24
Figure 4.5. Biplot diagram of correlation among stratum 
proportions in nine seasonal forests, based on detrended 
correspondence analysis of shrub layer, subcanopy, canopy 
and liana censuses.
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Figure 4.6 a)Square root transformed plot means of plant 
density for each of the four strata, graphed by increasing 
latitude; b) Square root transformed plot means of stem 
density for each of the four strata, graphed by increasing 
latitude.
19
203
6.42, P < 0.0001) and among strata (F3417 = 550. 87, P <
0.0001/ Table 4.6). While density in temperate forests 
(1,400 to 2,500 plants/ha) differed sharply from that of 
tropical forests (3,300 to 6,600/ha) (FI135 = 50. 44, P =
0.002), forests at 20° N also differed from those further 
south (F1135 = 10 . 67 , P = 0.03), with significantly fewer 
plants in the equatorial forest. From 40° N, density 
increased southward, peaked at 20° N, and thereafter 
decreased as latitude decreased (Figure 4.6a).
Density of plants in the individual strata varied 
independently at different latitudes. However, the density 
of shrub layer versus the average of canopy and subcanopy 
was similar at all latitudes (F1417 = 0.96, P = 0.33), 
suggesting (in the absence of numerous shrubs) a relatively 
constant level of regeneration of subcanopy and canopy 
trees. Both between temperate and tropical latitudes, and 
for within-tropic latitudes, the canopy versus subcanopy 
densities were significantly different, and were the most 
important differences among the forests (Figure 4.6). The 
effects of latitude on stratum density were highly 
significant overall (F12417 = 28 . 46, P < 0.0001), with some 
individual exceptions. All temperate canopy and subcanopy 
densities were similar, as was temperate liana density. All 
stratum contrasts were significantly different among the 
forests at 20° N and those at 10° and 0°, while between 10°
Table 4.6. Split-plot ANOVA table of the effects of 
latitude and stratum on plant density measured as the 
square root of number per 1/16 ha. Main effect was 
latitude, with a split plot effect of site and a split- 
split plot effect of stratum. Latitude and strata were 
fixed; site and plot replicates were random. Stratum 
legend: 1)shrub layer; 2)subcanopy; 3)canopy; 4)liana. 
(*) denotes statistical significance at a = 0.05; R2 = 
0.89.
Dependent variable: plant density
Source df
Mean
Square F P
Latitude 4 440.04 18 .15 0.0079*
(4 0°+3 0°) * (2 0°+10°+0°) 1 1222.71 50.44 0.0021*
4 0° * 3 0° 1 0.03 0.00 0.9729
2 0° * (10°+ 0°) 1 246.32 10. 67 0.0333*
10° * 0° 1 58.02 2.39 0.1967
Site(Latitude) 4 24.24 6.42 0.0001*
Plot(Site(Latitude) ) 135 3.77 1.92 0.0001*
Stratum 3 1083.26 550.87 0.0001*
(1+2+3) * 4 1 1288.10 655.04 0.0001*
1 * (2+3) 1 1.88 0.96 0.3281
2 * 3 1 1959.79 996.62 0.0001*
Latitude*Stratum 12 56.14 28.55 0.0001*
(40+30)v s (20+10+0)*
(1+2+3)vs4
1 1.51 0.77 0.3817
(40+30)vs(20+10+0)*
1 vs (2+3)
1 7.20 3.66 0.0564
(40+30)v s (20+10+0)* 
2 vs 3
1 181.80 92.45 0.0001*
40vs30 * (1+2+3) vs 4 1 74 .33 37 .80 0.0001*
40VS30 * 1 VS (2+3) 1 42.17 21.45 0.0001*
40vs30 * 2 vs 3 1 1. 50 0.76 0.3831
2 0vs(10+0)*(1+2+3)vs4 1 64.98 33 . 04 0.0001*
20vs(10+0)* 1 vs (2+3) 1 20.03 10.18 0.0015*
20vs(10+0)* 2 vs 3 1 58.85 29.93 0.0001*
lOvsO * (1+2+3) vs 4 1 113.24 57.58 0.0001*
lOvsO * 1 vs (2+3) 1 0.01 0. 00 0.9535
lOvsO * 2 vs 3 1 12.21 6.21 0.0131*
Stratum*
Plot(Site(Latitude)) 417 1.96
Total 575
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Table 4.7. Split-plot ANOVA table of the effects of 
latitude and stratum on stem density measured as the 
square root of number per 1/16 ha, with all multiple 
trunks per plant included. Main effect was latitude, with 
a split plot effect of site and a split-split plot effect 
of stratum. Latitude and strata were fixed; site and plot 
replicates were random. Stratum legend: 1)shrub layer;
2)subcanopy; 3)canopy; 4)liana. (*) denotes statistical 
significance at a = 0.05; R2 = 0.87.
Dependent variable: stem density
Source df
Mean
Square F P
Latitude 4 731.25 60. 08 0.0008*
(4 0°+3 0°) * (2 0°+10°+0°) 1 1755.45 144.23 0.0003*
4 0° * 3 0° 1 9.77 0.80 0.4210
2 0° * (10°+ 0°) 1 583.36 47.93 0.0023*
H O 0 * O o 1 176.12 14.47 0.0190*
Site(Latitude) 4 12.17 2.19 0.0735
Plot(Site(Latitude)) 135 5.56 1.70 0.0001*
Stratum 3 1360.40 415.78 0.0001*
(1+2+3) * 4 1 1313.14 401.33 0.0001*
1 * (2+3) 1 21.88 6. 69 0.0105*
2 * 3 1 2746.19 839.31 0.0001*
Latitude*Stratum 12 105.49 32 . 24 0.0001*
(40+30)v s (20+10+0)*
(1+2+3)vs4
1 37.61 11.49 0.0008*
(40+30)v s (20+10+0)*
1 VS (2+3)
1 91.89 2b. 08 0.0001*
(40+30)v s (20+10+0)*
2 vs 3
1 299.63 91.57 0.0001*
40vs30 * (1+2+3)vs4 1 74.30 22.71 0.0001*
40VS30 * 1 vs (2+3) 1 82 . 92 25. 34 0.0001*
40VS30 * 2 vs 3 1 0.28 0.08 0.7714
20vs(10+0)*(1+2+3)vs4 1 97.70 29.86 0.0001*
20vs(10+0)* 1 vs(2+3) 1 56.68 17.32 0.0001*
20vs(10+0)* 2 vs 3 1 117.43 35.89 0.0001*
lOvsO * (1+2+3)vs 4 1 195.97 59.89 0.0001*
lOvsO * 1 vs (2+3) 1 3.48 1. 06 0.3029
lOvsO * 2 vs 3 1 15.94 4.87 0.0279*
Stratum*
Plot(Site(Latitude)) 417 3.27
Total 575
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and the equator only the relation of shrub layer to 
subcanopy*canopy density was similar.
Stem densities— plant censuses that included multiple 
trunks per plant, presented in Table 4.3— were generally 40% 
greater than the numbers of individual plants. The high and 
low counts were again at Guanica (10,000/ha) and Black Rock 
(2150/ha), but with smaller proportional standard errors 
than plant density. ANOVA results for stem density (Table 
4.7) were similar to those for plant density, except that 
latitudinal differences were more pronounced, and not a 
simple dichotomy between temperate and tropical: stem 
density in the equatorial forest differed from those at 10°
N and the shrub layer versus subcanopy+canopy contrast was 
significantly different at all latitudes except between 10 
and 0° N (Figure 4.6b).
Despite the occasional presence of large emergent 
trees, the tropical sites had more (understory) stems in 
smaller (<5cm dbh) classes, and temperate sites had greater 
proportions of trees in the larger (>10cm dbh) classes 
(Figure 4.7). Distributions of relative numbers of plants 
per size class (2, 5, 10, 20, 30, and >30 cm dbh) were 
analyzed by a two-tailed Kolmogorov-Smirnov test. Because 
ANOVAs of density had established that differences between 
temperate and tropical plant densities were significant, and 
because maximum tree size was generally similar (except for 
a small number of very large emergents at Rancho Grande and
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Figure 4.7. Relative proportions of size class distributions 
of all plants, for pooled data of the 4 temperate and 5 
tropical sites.
2
0
7
Weri-Mur) the question arose as to whether increasing 
density was similarly distributed among size classes. The 
two curves of size class distribution were not similar (P = 
0.02); tropical forests had denser understory populations 
even though vertical stratification resembled that of the 
temperate latitudes. Further analysis by finer size 
increment (2cm dbh) was intended to discern the origin of 
these differences. Comparison of log transformed frequency 
by log(size class) curves (Figure 4.9) showed general inter­
site similarity, in that all nine populations were 
distributed as log normal curves. The ANOVA of abundances of 
size class by site showed no difference among all latitudes 
(F44 = 4.66, P = 0.08; Table 4.9) and no differences between 
temperate and tropical zones. The temperate forests were 
not different from one another, but the forests at 2 0°, 
Chamela and Guanica, were different from forests further 
south (F14 = 8.43, P = 0.04). The sites at 20° N, with 
abundant small stems, contributed largely to the 
temperate/tropical dichotomy shown by the Kolmogorov-Smirnov 
test; the ANOVA suggests that in size class distribution, 
the equatorial seasonal forest resembles warm temperate 
forest more than it does tropical forest at 20° N. 
Composition
Numbers of species within the hectare of mapped forest 
at each site increased abruptly from the temperate to the 
tropics (Table 4.3). The smallest numbers occurred at 40° N,
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Figure 4.8. Lo g (frequency) of 2 cm size classes graphed as 
log of mean size class. Solid lines are best fit of 
regression line and dotted lines are 95% confidence 
intervals. 209
Table 4.8. ANOVA of square root-transformed 
log(frequency) of the logs of mean sizes (2cm dbh 
increments) for the nine sites; a = 0.05. 
Dependent variable: log(frequency)
Mean
Source df Square F P
Latitude 4 3.39 4.66 0.0826
(4 0°+3 0°) * (2 0°+10°+0°) 1 5.07 6.99 0.0574
40° * 30° 1 0.17 0. 23 0.6534
2 0° * (10°+0°) 1 6.12 8.43 0.0440*
I-* o o * O o 1 1.11 1.53 0.2841
S ite(Lat itude) 4 0.73
Error 482 0.26
Total 490
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Figure 4.9. Species area curves: observed curves are the 
average of ten random selections of the 16 plots per site; 
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with each species appearing with the same frequency as 
actually observed. 95% confidence intervals were constructed 
for the predicted curves.
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Table 4.9. ANOVA of latitudinal difference of site total 
numbers of species, with sites as replicates within 
latitude, and plots replicated within sites.
Dependent variable: # species/plot
Source df
Mean
square F P
Latitude 4 4522.63 8.77 0.0293*
(40°+30°) * (20°+10°+0°) 1 10671.93 20.70 0.0104*
40° * 3 0° 1 119.63 0.23 0.6551
20° * (10°+0°) 1 3068.04 5.95 0.0712
10° * 0° 1 1675.01 3 . 25 0.1458
Site(Latitude) 4 515.44 6. 65 0.0001*
Plot(Site*Latitude) 135 29.90 0.39 1.0000
Error 432 77.53
Total 575
Table 4.10. ANOVA of observed species/area curves. 
Each site data set was run 10 times, with species 
occurring randomly, in the actual number of its 
appearances per site. (*) significance at a = 0.05; 
R2 = 0.74.
Source df Mean
Square
F P
Latitude 4 42015365 10.84 0.0202*
(4 0°+3 0°) * (2 0°+10°+0°) 1 133323316 2925.84 0.0001*
40° * 30° 1 10349756 227.13 0.0001*
2 0° * (10°+0°) 1 5146906 112.95 0.0001*
10° * 0° 1 2202203 48.33 0.0001*
Site(Latitude) 4 3875595 85. 05 0.0001*
Error 1431 45568
Total 1439
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with 44 species/site; a 50% increase occurred at 30° N, with 
68 species at each site. Numbers of species, while much 
greater in the tropics than in the temperate zone, did not 
increase at latitudes below 20° N, nor were they consistent 
between tropical sites at the same latitude. More species 
occurred at Chamela (137) and Palo Verde (121) than at the 
other three tropical sites, each of which had slightly more 
than 100 species. Despite taxonomic differences at the 
species, and to a lesser extent the generic level, plant 
families were generally similar in the paired sites within 
each latitude (see Appendices); the island forest at Guanica 
had a significant number of naturalized exotics.
Species area curves approached asymptotes by 16 plots 
within each site, but there was some difference among 
latitudes in the degree of species heterogeneity among the 
plots at each site (Figure 4.9). ANOVA of the data that 
produced these curves showed significant differences among 
latitudes (F4_ ,431 = 10 . 84 , P = 0.0202; Table 4.10) as well as 
among all sites. At 2 0° (Chamela and Guanica) and 30°
(Tunica), initial plots of observed species were higher than 
the 95% confidence interval, indicating a high degree of 
species heterogeneity within small areas of less than 0.25 
ha. This density of species was independent of stem density 
differences among the sites.
Distributions of species abundance differed among 
latitudes and between sites more than did species numbers.
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Slopes of regression lines fitted to species 
rank/log(abundance) data decreased as latitude decreased 
(Figure 4.10). ANOVA of these data indicated significant 
differences between temperate and tropical latitudes (F14 = 
16.33, P = 0.04); there were, however, no differences
within temperate or tropical latitudes (Table 4.11). This 
ANOVA suggests that the species abundance distributions at 
lower latitude tropical forests were only slightly more 
variable than those of temperate forests, and that the 
forests at 20° N tended to be different from other tropical 
latitudes.
While numbers of species/area and relative species 
abundances differed among all latitudes, the numbers of 
species found within each stratum differed only between 
temperate and tropical zones (Figure 4.11a). However, for 
all sites and latitudes, the proportions of species per 
stratum (compared to species present) were not different: 
increasing numbers of species were distributed in similar 
proportions among the vertical strata (Figure 4.11b). ANOVA 
of actual numbers of species per stratum indicated 
significant difference between temperate and tropical 
latitudes (F14 = 20.70, P = 0.01) and, not surprisingly, 
among all strata (F3417 = 435 . 15, P < 0.0001; Table 4.12). 
Latitude*stratum interactions were also significant (F12i417 = 
45.31, P < 0.0001) for numbers of species/stratum, but, just 
as for comparisons of density, there was no difference
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Table 4=11. ANCOVA of square root transformed 
log(abundance) by species rank for non-replicated data 
sets for each of the nine sites. (Model does not assume 
equal slopes). Error term for latitude was site(latitude). 
R2 = 0.91, a = 0.05.
Dependent variable: log(abundance)
Covariant: species rank
Mean
Source df Square F P
Rank 1 81. 77 6801.28 0.0001*
Latitude 4 0.43 0.41 0.7950
(40°+30°) * (20°+10°+0°) 1 0. 07 0. 06 0.8151
4 0° * 30° 1 0.10 0.10 0.7719
2 0° * (10°+0°) 1 0.40 0.38 0.5695
10° * 0° 1 1.51 1.44 0. 2966
Rank*Latitude 4 3.41 283.44 0.0001*
Site(Latitude) 
Error
4
780
1. 05 87.45 0.0001*
Total 793
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between temperate and tropical numbers of shrub layer 
species relative to canopy*subcanopy (F1417 = 25.9, P =
0.63) .
Despite numerical differences, the vertical 
distribution of species was similar at all latitudes except 
for the northernmost forests (Figure 4.11). Although canopy 
trees became more numerous at 40°, there were no significant 
differences within and among latitudes in proportions of 
species per stratum (F44 = 0.63, P = 0.67; Table 4.13). At 
all latitudes, the shrub layer proportion of species did not 
vary relative to the average of subcanopy and canopy 
species, but this proportion did vary within the temperate 
zone. All other interactions of latitude and stratum were 
significant (F12417 = 16 . 59 , P < 0.0001; Table 4.13), except 
that the proportion of liana species did not change from 10° 
to the equator. In the tropics and at 40° N, the subcanopy 
stratum was the most speciose, while at 30° the shrub (or 
regeneration) layer was most diverse (Figure 4.11).
The forests at 30° and 20° N differed from all others in 
vertical patterns of species occurrence. The presence or 
absence of tree species in one or more strata reflected the 
temporal aspect of forest structure, as well as relative 
recruitment rates for canopy trees. While vertical 
distributions of species numbers and proportions showed 
stratification among the forests at all latitudes to be 
similar, the proportions of potential canopy trees were
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Figure 4.11.a) Plot means of numbers of species per stratum, 
graphed by increasing latitude; b) Plot means of proportions 
of (within site) species per stratum, graphed by increasing 
latitude.
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Table 4.12. Split-plot ANOVA table of the effects of 
latitude and stratum on species composition measured as 
the number of species per stratum per 1/16 ha. Main effect 
was latitude, with a split plot effect of site and a 
split-split plot effect of stratum. Latitude and strata 
were fixed; site and plot replicates were random. Stratum 
legend: 1)shrub layer; 2)subcanopy; 3)canopy; 4)liana.
(*) denotes statistical significance at a = 0.05; R2 =
0.90.
Dependent variable: number of species/stratum
Source df
Mean
Square F P
Latitude 4 4522.63 8.77 0.0293*
(40°+30°) * (20°+10°+0°) 1 10671.9 20.70 0.0104*
40° * 30° 1 119.63 0.23 0.6651
20° * (10°+ 0°) 1 3068.04 5.95 0.0712
10° * 0° 1 1675.01 3.25 0.1458
Site(Latitude) 4 515.44 17.24 0.0001*
Plot(Site(Latitude)) 135 29.90 2.21 0.0001*
Stratum 3 5893.08 435.15 0.0001*
(1+2+3) * 4 1 10915.9 806.03 0.0001*
1 * (2+3) 1 88.33 6.52 0.0110*
2 * 3 1 6675.00 492.88 0.0001*
Latitude*Stratum 12 613.66 45.31 0.0001*
(40+30)vs(20+10+0)*
(1+2+3) vs 4
1 811.51 59.92 0.0001*
(40+30)VS(20+10+0)*
1 vs (2+3)
1 0.61 0. 04 0.8323
(40+30)VS(20+10+0)* 
2 vs 3
1 1925.65 142.19 0.0001*
40vs30 * (1+2+3) vs 4 1 19 . 06 1.41 0.2361
40VS30 * 1 vs (2+3) 1 374.07 27.62 0.0001*
40vs30 * 2 vs 3 1 82.88 6.12 0.0138*
20vs(10+0)*(1+2+3)vs 4 1 1213.41 89. 60 0.0001*
2Ovs(10+0)* 1 vs (2+3) 1 15.43 1.14 0.2864
20vs(10+0)* 2 vs 3 1 1522 .94 112.45 0.0001*
lOvsO * (1+2+3) vs 4 1 59.59 4.40 0.0365
lOvsO * 1 vs (2+3) 1 0. 03 0. 00 0.9639
lOvsO * 2 vs 3 1 513.52 37.92 0.0001*
Stratum*
Plot(Site(Latitude)) 417 13.54
Total 575
Table 4.13. Split-plot ANOVA table of the effects of 
latitude and stratum on species composition measured as 
the proportion of species (present at site) per stratum 
per 1/16 ha. Main effect was latitude, with a split plot 
effect of site and a split-split plot effect of stratum. 
Latitude and strata were fixed; site and plot replicates 
were random. Stratum legend: 1)shrub layer; 2)subcanopy; 
3)canopy; 4)liana. (*) denotes statistical significance 
at a = 0.05; R2 = 0.78.
Dependent variable: proportion of species/stratum
Source df
Mean
Square F P
Latitude 4 0.06 0.63 0.6675
(40°+3 0°) * (20°+10°+0°) 1 0.01 0.06 0.8220
40° * 30° 1 0.10 0.98 0.3782
20° * (10°+ 0°) 1 0.05 0.55 0.4999
10° * 0° 1 0.13 1.28 0.3210
Site(Latitude) 4 0.10 0.94 0.4443
Plot(Site(Latitude)) 135 0.11 0. 00 1.0000
Stratum 3 22133.1 377.88 0.0001*
(1+2+3) * 4 1 48134.5 821.81 0.0001*
1 * (2+3) 1 100.94 1.72 0.1900
2 * 3 1 18163.8 310.11 0. 0001*
Latitude*Stratum 12 971.48 16. 59 0.0001*
(40+30)v s (20+10+0)*
(1+2+3) vs 4
1 913.24 15.59 0.0001*
(40+30)vs(20+10+0)*
1 vs (2+3)
1 13.51 0.23 0.6313
(40+30)vs(20+10+0)* 
2 vs 3
1 1517.23 25.90 0.0001*
40VS30 * (1+2+3) vs 4 1 1071.16 18.29 0.0001*
40vs30 * 1 vs (2+3) 1 4380.75 74 .79 0.0001*
40vs30 * 2 vs 3 1 484.38 8.27 0.0042*
20vs(10+0)*(1+2+3) vs 4 1 517.13 8.83 0.0031*
20vs(10+0)* 1 vs (2+3) 1 88.56 1.51 0.2195
20vs(10+0)* 2 vs 3 1 1439.31 24.57 0.0001*
10VS0 * (1+2+3) V S  4 1 59.13 1.01 0.3156
10VS0 * 1 vs (2+3) 1 1.89 0.03 0.8575
lOvsO * 2 vs 3 1 598.55 10.22 0.0015
Stratum*
Plot(Site(Latitude)) 417 58.57
Total 575
lowest at 20° N. Total numbers of species (per 1 ha sample) 
found in each stratum were compared to the number of species 
appearing exclusively in that stratum (Table 4.14). The 
canopy stratum contained half or more of all species present 
in 2/3 of the sites, excepting Tunica (41%), Titi (28%) and 
Weri-Mur (45%)(column 3). The subcanopy stratum contained 
the greatest number of species of any stratum in all sites, 
ranging from 68% at Weri-Mur to 93% at Chamela (column 2), 
again excepting 30° N: Tunica had 51% and Titi 60%. The 
shrub layer species ratio ranged from 45% at Black Rock to 
77% at Chamela)(column 1), but was the most speciose at 30° 
N. Lianas ranged from 7 to 18% of site total species 
(column 4), but their numbers did not change directionally 
with decreasing latitude.
Numbers of species that appeared exclusively in a 
single stratum varied considerably among the sites (Table 
4.14). Exclusively canopy versus exclusively understory 
species were extracted and graphed to facilitate this 
comparison (Figure 4.12). Three sites, Titi, Chamela, and 
Guanica, had 2, 3, and 0 species, respectively, unique to 
the canopy stratum, indicating the presence of conspecific 
juveniles of almost all canopy trees in the strata below. 
Black Rock, Tunica, Palo Verde, and Weri-Mur, in contrast, 
had 6, 8, 11, and 10 species uniquely present in the canopy 
(Table 4.14, column 3), indicating absence of juveniles of 
those trees. The largest numbers of species found strictly
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Figure 4.12.Numbers of species (% of site total) that 
occurred exclusively in a) shrub layer and subcanopy, and 
the canopy, in each of the nine sites.
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Table 4.14. Number of species appearing in each stratum (all) 
and number of species appearing exclusively in that stratum 
(exc). Percentages of species totals are given in parentheses.
Hueston
Woods
Black
Rock
Tunica
Hills
Titi
Hammock
Chamela
Guanica
Palo
Verde
Rancho
Grande
Weri-Mur
Total
species
44
44
68
68
137
103
121
103
100
Shrub layer Subcanopy Canopy Liana
all exc all exc all exc all
27 3 33 4 25 3 4
(61) (7) (75) (10) (57) (7) (9)
20 3 31 5 24 6 3
(45) (7) (70) (11) (55) (14) (7)
37 10 35 5 28 8 11
(54) (15) (51) (7) (41) (12) (16)
50 17 41 3 19 2 8
(74) (25) (60) (4) (28) (3) (12)
106 4 127 14 77 3 20
(77) (3) (93) (10) (55) (2) (14)
77 8 81 5 52 0 12
(75) (8) (79) (5) (50) (0) (12)
85 3 93 7 79 11 18
(70) (2) (77) (6) (65) (9) (15)
59 2 81 10 54 5 16
(57) (2) (79) (10) (52) (5) (16)
60 8 68 10 45 10 18
(60) (8) (68) (10) (45) (10) (18)
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in the shrub layer (which could include young trees) were 
found at Tunica, Titi, and Weri-Mur.
Pattern
Spatial dispersion of canopy trees was random in all 
forests studied, and distribution of other strata was 
similar among all latitudes regardless of density. No 
latitudinal differences were detected in comparisons of 
nearest neighbor distances among canopy trees and plants 
other strata, although some significant differences existed 
between pairs of latitudes within both temperate and 
tropical zones. Representative plot maps from each of the 
nine sites illustrate the apparent variability in horizontal 
dispersion among plants of all strata in the plots (Figure
4.13) .
Canopy trees were randomly distributed at all sites, 
although in the tropical latitudes there was a slight 
tendency toward aggregation. Average nearest neighbor 
distance between canopy trees ranged from 2.23m at Guanica 
to 4.96m at Titi (Table 4.15, column 1); when adjusted for 
plot density these distances were not significantly 
different (F4135 = 0 . 77 , P = 0.60; Table 4.16a). The 
equatorial forest at Weri-mur most resembled Titi at 30°, 
with a tendency toward uniform distribution of canopy trees.
Shrub layer plants were uniformly dispersed relative to 
canopy trees at all sites except at Black Rock, where they 
were randomly distributed. Nearest neighbor distances were
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Figure 4.13.Representative mapped plots (25m x 25m) from 
each of the sites. Circles are proportional to trunk 
diameter (not crown width). Canopy trees are open circles; 
stems of all other strata are filled circles.
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different only among the temperate sites (F1135 = 14 .85, P = 
0.0002; Table 4.16b), because of very low density of small 
stems at 4 0° N. These data suggest that survival of recruits 
of both shrubs and juveniles of tree species is inversely 
proportional to distance from nearest canopy tree neighbors.
Subcanopy trees were also uniformly distributed 
relative to the canopy trunks (Table 4.15, column c ) . 
However, nearest neighbor distances were different between 
temperate and tropical latitudes (F1135 = 26 . 45 , P < 0.0001); 
each tropical latitude was different as well (Table 4.16c). 
The greatest difference was the very large distances at 30°
N, more than 4m, between subcanopy stems and nearest canopy 
trees. Unlike the pattern of canopy trees, spacing of 
subcanopy trees varied with increasing density. However, 
subcanopy trees resembled the shrub layer dispersion in 
uniform interstitial spacing among canopy trees.
If smaller stems were proliferating in gaps— recent or 
older--one would expect an aggregated distribution of 
understory plants relative to existing canopy trees.
However, combined shrub layer and subcanopy stems (all 
understory plants) was even more significantly uniform 
relative to the canopy trees than either shrub layer of 
subcanopy alone (Table 4.15d). Nearest neighbor distances 
were not different from those of subcanopy trees alone, but 
the latitudinal differences were not as pronounced: the
Table 4.15. Summary of z statistic test of deviation from random dispersal among 
nearest neighbors within the canopy stratum and for other strata relative to canopy 
trees. Ns (0) = random distribution; negative values indicate aggregation; positive 
values indicate uniformity of spatial dispersion (p < 0.05). Average distance(m) to 
nearest neighbor (+ standard error), and the number of plants used in each comparison 
(n) is given.
SITE
Within
canopy Shrub Subcanopy
Shrub layer 
and 
subcanopy Lianas
Hueston
Woods
0.3 2 ns 
3.66 + 0.91 
n=273
41.47 *
3.29 ± 0.84 
n=840
94.28 *
3.33 + 0.82 
n=1348
174.10 *
3.30 ± 0.84 
n=2188
6.13 * 
2.98 ± 2.86 
n=76
Black
Rock
1.01 ns
3.33 ± 0.82 
n=3 31
-5.16 ns 
2.77 ± 0.63 
n=289
20.78 * 
2.76 + 0.46 
n=776
38.29 * 
2.73 ± 0.43 
n=1065
-8.14 * 
0.88 ± 0.31 
n=6
Tunica
Hills
0.71 ns 
4.81 ± 1.09 
n=166
42.54 * 
4.46 + 1.24 
n=539
50.11 *
4.30 ± 1.02 
n=691
122.72 * 
4.35 ± 1.07 
n=1230
-1.38 ns 
3.15 ± 0.77 
n=278
Titi
Hammock
1.44 ns 
4.96 + 1.03 
n=168
69.64 * 
3.84 ± 1.15 
n=8 65
51.91 * 
4.06 ± 0.63 
n=704
154.33 *
4.02 ± 0.68 
n=1569
-9.57 *
3.48 ± 2.02 
n=57
Chamela 
(con'd.)
-1.68 ns 
2.18m + 0.31 
n=586
26.36 * 
2.03m ± 0.36 
n=1315
108.72 * 
2.01m ± 0.34 
n=2 973
185.48 * 
2.02m ± 0.34 
n=4288
6.68 *
1.8 0m ± 0.2 6 
n=527 236
Guanica
Palo
Verde
Rancho
Grande
Weri-Mur
-2.12 * 30.16 *
2.23m + 0.53 1.90m + 0
n=685 n=1598
1.80 ns 59.64 *
3.58m + 0.72 2.94m + 0
n=291 n=1194
-0.84 ns 32.72 *
2.88 + 0.39 2.60 + 0.
n=357 n=1004
1.32 ns 31.56 *
2.91m + 0.48 2.49m + 0
n=403 n=1063
.51
.50
46
. 63
149.76 * 235.48 * -11.44 ’
1.92m 1.92m ± 0.51 1.79m + 0
n=3967 n=5565 n=394
111.64 * 215.64 * 9.08 *
3.08m ± 0.72 3.02m ± 0.60 2.67m + 0
n=1716 n=2910 n=779
124.16 * 202.12 * 7.28 *
2.56 + 0.43 2.57 ± 0.44 2.14 + 0.
n=2400 n=3404 n =873
67.64 * 140.52 * -10.52
2.45m ± 0.41 2.47m ± 0.46 1.92m + 0
n=1688 n=2751 n=162
.57
.75
65
*
. 61
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Table 4.16. ANOVA of latitudinal differences of nearest neighbor 
distances among strata, within 16 replicate plots per site. 
Latitude is a fixed effect, with random sites nested within 
latitude. Dependent variable is the z; of distances between 
individual plants: the difference between observed and expected 
distances, divided by the square root of the variance (see 
methods); a = 0.05.
a) Canopy trees
Source df Mean square F P
Latitude 4 1.10 0.77 0.5987
40°+3 0° vs 2 0°+10°+0° 1 0.55 0.59 0.4454
4 0° VS 3 0° 1 0.17 0.18 0.6735
20° vs 10° + 0° 1 3 . 06 3.24 0.0739
10° VS 0° 1 0.44 0.47 0.4937
Site(latitude) 4 1.44 1.52 0.1986
Error 135 0.94
Total 143
b) Shrub layer and canopy trees
Source df Mean square F P
Latitude 4 447.06 0.98 0.5072
4 0°+3 0° vs 20°+10°+0° 1 6.84 0. 07 0.7910
4 0° VS 3 0° 1 1439.30 14.85 0.0002*
20° vs 10° + 0° 1 128.33 1.32 0.2519
10° VS 0° 1 142.67 1.47 0.2272
Site(latitude) 4 455.72 4.70 0.0014*
Error 135 96.93
Total 143
(con'd)
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c) Subcanopy and canopy trees
Source df Mean square F P
Latitude 4 2545.02 2.81 0.1705
4 0°+3 0° vs 2 0°+10°+0° 1 5433.21 26.45 0.0001*
40° vs 30° 1 42.47 0.21 0.6500
2 0° VS 10° + 0° 1 1521.06 7.41 0.0074*
10° VS 0° 1 1685.34 8.21 0.0048*
Site(latitude) 4 905.60 4.41 0.0022*
Error 135 205.38
Total 143
d) Shrub layer, subcanopy, and canopy trees
Source df Mean square F P
Latitude 4 4142.35 1.49 0.3543
4 0°+3 0° vs 2 0°+10°+0° 1 8577.79 15.35 0.0001*
4 0° VS 3 0° 1 865.50 1.55 0.2155
2 0° VS 10° + 0° 1 1322.46 2.37 0.1264
10° VS 0° 1 3443.45 6. 16 0.0143*
Site(latitude) 4 2780.22 4.97 0.0009*
Error 135 558.93
Total 143
e) Lianas and canopy trees
Source df Mean square F P
Latitude 4 70. 82 1.39 0.3780
4 0°+3 0° vs 2 0°+10o+0° 1 2.35 1. 66 0.2002
40° vs 30° 1 26.11 18.40 0.0001*
20° VS 10° + 0° 1 1.69 1.19 0.2778
10° vs 0° 1 233.22 164.35 0.0001*
Site(latitude) 4 50.85 35.84 p.0001*
Error 135 1.42
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temperate and equatorial forests resembled each other, but 
differed from the mid-latitude forests at 10° and 20° N.
Lianas were the only stratum to differ markedly among 
all sites and latitudes in their dispersal relative to 
canopy trees. Lianas were randomly dispersed at Tunica, 
aggregated at Black Rock, Titi, Guanica and Weri-Mur, and 
uniformly distributed at Hueston, Chamela, Palo Verde, and 
Rancho Grande (Table 4.15, column 5). Mean liana distances 
to nearest canopy tree did not differ overall between the 
temperate and tropic zones, but differed significantly 
between sites at 4 0° and 3 0° N and between those at 10° and 0° 
N (Table 4.16e). Liana patterns in the equatorial forest 
resembled those of higher latitudes more than those of the 
other tropical sites.
Canopy and subcanopy tree species were not randomly 
distributed at any latitude, regardless of variation in 
nearest neighbor distance. Negative and positive 
associations between canopy trees, conspecific juveniles, 
and mature subcanopy trees were variable but highly 
significant at all sites (Table 4.17). The sites at 20° N 
(Chamela and Guanica) had the highest x2 values, reflecting 
the least degree of randomness. Except for Titi (at 30° N) , 
the populations of the four temperate sites had somewhat 
lower x2 values, suggesting that species associations or 
interactions may be less important factors in survival to 
maturity for either subcanopy or canopy trees in temperate
Table 4.17. Summary of results of x2 test of randomness of 
spatial distribution among pairs of canopy tree species 
and all understory species (subcanopy, shrub layer, and liana) 
of N > 25. Tree species are those with N > 20; all species with 
fewer than N = 20 were lumped as a single species; * = P <
0.05; ** = P < 0.005 (see Glitzenstein et al. 1986).
Site 
Hueston Woods
Number of 
tree 
species
4
Number
of
canopy
trees
273
Number of 
understory 
plants
2004
x2
24.17 * *
Black Rock 8 331 938 28.62 **
Tunica Hills 3 166 1069 10.51 *
Titi Hammock 5 168 1267 60.76 **
Chamela 12 645 4082 511.90 **
Guanica 8 685 5109 184.66 **
Palo Verde 3 291 2441 48.06 **
Rancho Grande 7 357 3076 51.88 **
Weri-Mur 7 403 2395 109.93 ** 241
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seasonal forests. Whether the influence is unidirectional—  
that is, whether the canopy composition imposes pattern on 
the understory and not vice versa— should not be assumed a 
priori.
Environmental variables
Detrended canonical correspondence analysis (TerBraak 
1986) of environmental variables and untransformed stratum 
populations showed correlations of individual stratum 
demographic proportions with environmental variables (Figure
4.14). Shrub layer density (including canopy species 
juveniles) was positively correlated with total annual 
precipitation. Liana populations were negatively correlated 
with increasing latitude, and positively associated with 
rate and severity of disturbance. Subcanopy numbers, and, to 
a somewhat lesser degree, canopy populations, were 
positively correlated with seasonality of precipitation. 
Vector length showed disturbance to be the most important 
effect, and seasonality the least significant. Numbers of 
canopy and subcanopy trees were inversely proportional to 
severity and freguency of abiotic disturbance.
Discussion
These data do not support the idea of a latitudinal 
gradient of increasing complexity and diversity in 
seasonally deciduous forests from the temperate to the 
tropical Americas. Contrary to long-held assumptions of 
essential differences between the temperate and tropical
STRATUM AX} Ax2
B
SEASONALITY OF 
PRECIPITATION
1 ( 1 1 i i i - i
LATITUDE /  / . - \  PRECIPITATION
1 / \  TOTAL1 1 > V ro
DISTURBANCE /  -
4
D
A - SHRUB/JUVENILE 
B - SUBCANOPY 
C - CANOPY 
D - LIANA
ENVIRONMENTAL
66
-12
135
271
-89
95
59
6
VARIABLES AX! Ax 2
1 - LATITUDE -114 -63
2 - PRECIPITATION 74 -94
3 - SEASONALITY 7 78
4 - DISTURBANCE -43 -153
Figure 4.14.Biplot vector diagram of stratum populations and 
environmental variables for the nine sites, based on 
detrended canonical correspondence analysis. Vector length 
indicates relative importance of the variable.
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zones in forest basal area (Ewel 1980), shrub layer density 
(including juvenile canopy trees)(Gentry and Dodson 1987, 
Stevens 1989), and relative complexity of vertical 
composition (Terborgh 1985) , the nine sampled forests were 
remarkably similar in these parameters.
Analyses of community pattern in tropical seasonal 
forests have generally focused solely on canopy tree species 
(e.g., Hubbell and Foster 1986, Swaine et al. 1987, but see 
Popma et al. 1988) or on species populations (e.g., Hubbell 
1979, Armesto et al. 1986). Studies of relationships between 
patterns of dispersion and interspecific correlations among 
canopy and understory stems (including shrub species) are 
few and recent, and mostly deal with temperate forests 
(e.g., Harcombe and Marks 1977, Ehrenfeld 1980, Platt and 
Hermann 1986, Poulson and Platt 1989, Platt and Schwartz 
1990). Few researchers have addressed tropical forest 
structure based on size class distributions and including 
all woody species (see discussion in Lieberman and Lieberman 
1993) .
The number of woody species has been hypothesized, in 
hardwood forests, to increase with decreasing latitude 
(Fischer 1960, Pianka 1966, Whittaker 1967, MacArthur 1969, 
Marks and Harcombe 1975, Terborgh 1985, Stevens 1989). 
However, such statements have not addressed differences 
between evergreen and seasonal forests of the tropics (but 
see Ewel 1980) . The putative gradient of increasing
diversity has not been confirmed by the current results, 
which show peaks in species richness in continental forests 
at 2 0° and 10° N, and greatest vertical complexity— though 
shortest actual height— -at 20° N (and to a lesser degree at 
30° N ) . No linear or geometric increase in species numbers 
as latitude decreased was found. On the contrary, the 
similarity of species rank/abundance curves was greater than 
differences in absolute species numbers would have 
suggested. Latitudes and sites differed most, however, in 
the numbers of species found exclusively in each of the 
vertical strata. In this respect, the equatorial forest 
resembled temperate forest more that the higher latitude 
tropical forest of western Mexico or the Caribbean (Figure
4.15) .
Shrub layer plants were predominantly juveniles of 
canopy and subcanopy trees. Excepting a small peak at 3 0°, 
there was a relative dearth of shrub species at all 
latitudes, especially in the tropical forests. Dense or 
numerous mature shrubs were relatively scarce, even below 
relatively sparse canopy; many subcanopy trees, however, had 
multiple trunks. Only at 30° north, at Tunica and Titi, was 
species diversity greatest in the shrub/juvenile layer, 
exceeding subcanopy and canopy number diversity. Several of 
these understory plants were saplings of tree species for 
which there were no mature specimens, probably representing 
a "mass effect" (Shmida and Wilson 1985) of species
20
16
12
8
4m
B.
Figure 4.15.Theoretical diagram of seasonal forest structure 
in relation to hurricane impact on the canopy (cf. Odum 
1970). Forests with frequent hurricane disturbance (A) are 
lower in stature, with a dense subcanoy stratum. Non­
affected forests (B) have lower stem densities and taller 
emergents. 246
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temporally capable of establishment but unlikely to survive 
to reproductive age. At all other sites, and especially in 
forests at 20° north, the subcanopy layer was the most 
diverse in both species numbers and proportion.
The concept that spatial and compositional 
relationships are determined primarily by patterns of canopy 
tree gap/phase regeneration in all closed-canopy forests is 
well documented (e.g., Williamson 1975, Fox 1977, Hartshorn 
1978, 1980, Woods 1979, Denslow 1980, Brokaw 1985, Canham 
and Marks 1985, Pickett and White 1985, Foster 1988, Brokaw 
and Scheiner 1989, Canham 1989, Poulson and Platt 1989, 
Canham et al. 1990). Disturbance clearly influences vertical 
physiognomy in forests (Pickett and White 1985, Brokaw 1985, 
Runkle 1985, Platt and Schwartz 1990). Recent work suggests 
that rates of gap formation (Runkle 1985, Glitzenstein et 
al. 1986, Denslow 1987) and average size of canopy gaps (75- 
100m2) (Swaine et al. 1987, Canham et al. 1990) may be very 
similar among temperate and tropical mesic forests. For 
seasonally dry forests, however, the importance of gaps and 
the interaction of disturbance, vertical stratification, and 
species diversity have not been confirmed (see Smith 1973, 
Terborgh 1985) . Small-scale treefall gaps (one to several 
trees) may be more characteristic of mesic forests, and not 
a universal paradigm of forest regeneration.
Stratification of species (vertical separation as 
described by Smith 1973 and Terborgh 1985), as reflected by
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species' occurrence exclusively in one stratum, was most 
similar between the northern- and southernmost forests. 
Vertical sorting was greatest at Weri-Mur, where one-third 
of all species were found in only one stratum each, and was 
similar at Black Rock, where many canopy species were not 
represented by conspecific juveniles. Vertical mixing of 
species was greatest at Guanica, where no species occurred 
exclusively in the canopy. Since nearest neighbor distances 
were not significantly different among sites, it is unlikely 
that the samples were failing consistently to detect 
evidence of hyperdispersion among conspecific canopy trees 
and their juveniles.
The horizontal dispersion patterns of plants in the 
three non-liana strata showed remarkable similarity across 
all nine forests, despite significant differences in stem 
density. Patterns of species dispersal may differ among 
forests as a result of the prevailing dynamics of 
regeneration, superseding the effects of autogenic 
associations. For instance, the two forests at 30° north, 
Tunica Hills and Titi Hammock, have significant numbers of 
evergreen canopy trees (Blaisdell at al. 1974, Platt and 
Schwartz 1990, Delcourt and Delcourt 1974). Likewise, the 
sampled forests at Guanica, Rancho Grande, and Weri-Mur had 
many common evergreen species in the subcanopy and shrub 
layers. These differences did not appear to affect the 
patterns of understory dispersal, which may indicate that
249
shade-tolerance is not a necessarily definitive 
characteristic of canopy trees (or of all subcanopy trees) 
in seasonal forests.
In a comparison of temperate and tropical seasonal 
forests, Armesto et al. (1986) postulated that horizontal 
patterns of dispersal for canopy tree species would be 
random in forests with frequent catastrophic disturbance 
(e.g., hurricanes) but that clumping would predominate in 
forests where (single treefall) gaps were the basis of 
structural change. Hubbell (1979) found that in a tropical 
dry forest, species populations were clumped or randomly 
dispersed, but that adult trees were less aggregated than 
were conspecific juveniles. Intermediate disturbance 
(Connell 1978) of the canopy stratum increases forest 
species richness on a local scale (Lorimer 1985, Pickett and 
White 1985, Runkle 1985, Glitzenstein et al., 1986, Platt 
and Strong 1989). Hubbell (1979) proposed that dominance- 
diversity curves for tropical dry forests exhibit the same 
general lognormal characteristic; dominance diversity curves 
for tropical forests were more leptokurtic than those for 
several temperate forests in Hubbell's analysis. However, 
the suggestion of a latitudinal gradient in relative species 
abundances has not been verified.
The nine sites have highly variable probabilities of 
canopy disturbance by cyclonic tropical storms, ranging from 
negligible at the equator to frequent in the Caribbean and
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western Mexico. The average estimated return interval for 
hurricanes is less than a decade for the sites at 20° north 
latitude, 14-18 years along the coast at 30°, and on the 
order of centuries or longer inland at 40° and 10° N 
(Wadsworth and Englerth 1959, Simpson and Lawrence 1971,
Coen 1983, Neumann et al. 1977, Brown and Leftwich 1982, 
Bullock 1986, Foster 1988, Musk 1988, Reyes and Mejia-Trejo 
1991, Scatena and Larsen 1991). No records of disturbance 
exist for southern Guyana.
Recent discussions of the effects of hurricanes have 
emphasized that outright tree mortality is not often 
significant in angiosperm forests (Boucher et al. 1990, 
Reilly 1991, Walker 1991). Rather, the impact of even the 
most intense winds is to shatter the upper canopy structure 
without killing main stems. Resprouting of damaged stems 
rather than massive seedling recruitment is the general 
pattern of recovery from hurricane impacts (Boucher et al. 
1990). Hurricanes in the tropics and subtropics occur 
during the wet season, when the canopy is in full leaf and 
damage potential (due to wind resistance) is greatest. 
However, in the neotropical dry seasonal forest there was 
almost no evidence of tip-ups (MFQ pers.obs.) as occur 
commonly in moister forests, where trees may fall because of 
soil saturation even in the absence of strong winds. Rather, 
evidence of limb damage was common, and most canopy tree 
mortality (whatever the cause) was standing death, with
eventual crown disintegration and no clear "gap" formation. 
The mesic forest paradigm of small (one to several trees) 
gap formation, while apparent in cool temperate forests, was 
not particularly evident in the tropical forests, and 
appeared to be superseded in the warm temperate forests by 
hurricane impacts on canopy structure. In neotropical dry 
seasonal forests, standing death was far more common than 
tip-ups (MFQ pers. obs.). This characteristic, along with 
effects of large limbfalls and cambium kills from wind 
storms in forests at the middle latitudes in the study, may 
open the canopy irregularly— and without the "swiss cheese"- 
like canopy-to-ground cylinders that result from tip-ups and 
have been postulated to characterize most treefall gaps in 
forests with evergreen canopies, whose understory 
recruitment may be light-limited (Brokaw and Scheiner 1989, 
Canham et al. 1990, Lieberman and Lieberman 1993). In 
seasonal forests, those trees that are subcanopy stratum 
specialists may be somewhat dependent on canopy thinning, 
but not necessarily canopy tree death: our data suggest that 
mature subcanopy trees and juveniles of canopy species 
appear to "pack" below a frequently perturbed canopy stratum 
(Figure 4.15). Shrub and liana populations, on the other 
hand, appear to be somewhat more affected by more local 
abiotic events, such as fire and landslide, than are the 
subcanopy and canopy trees. It is noteworthy that similarity 
and density was greatest between the sites at 40° and 10°
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north, in those forests least affected by regular or severe 
canopy disturbance. These data suggest that gap/phase regime 
may be less influential in the dynamics of seasonally 
deciduous forests than has been observed in forests with 
evergreen canopies, and that non-mortal disturbance events 
may largely determine the relative temporal and spatial 
scales of regeneration.
Individual stratum population density and composition 
appeared to be affected independently and differentially by 
edaphic variables. The most striking was the inverse 
relationship between canopy disturbance by hurricanes and 
the diversity and density subcanopy and understory 
populations. Within a given forest ecosystem, the understory 
is likely to contain plants of all potential size classes 
and life histories (Brokaw and Scheiner 1989). The idea 
that the understory is a bank of juveniles, or advance 
recruits, of canopy species awaiting "release", has been 
proposed in the work on canopy gaps in both temperate and 
tropical forests (e.g., MacArthur, 1969; Williamson 1975, 
Harcombe and Marks 1977, Hartshorn 1978, 1980, Bormann and 
Likens 1979, Woods 1979, Ehrenfeld 1980, Barton 1984, Canham 
and Marks 1985, Lorimer 1985, Platt and Hermann 1986,
Denslow 1987, Brokaw and Scheiner 1989, Platt and Strong 
1990, Canham et al. 1990). Differences in seasonality 
(drought versus frost) appeared to affect synchronicity of 
phenology, but not patterns of dispersion. In deciduous
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forests, seasonal openness of the canopy permits understory 
strata, including both shrubs and non-emergent trees, to 
develop and persist even without gap formation (Whittaker 
1967, Smith 1973, Ewel 1980, Gentry and Dodson 1987). Our 
tests of spatial dispersion supported this idea: shrubs, 
juvenile trees, and mature subcanopy trees were dispersed 
(not necessarily in clumps) away from the trunks of canopy 
tree, and occurred uniformly in the interstices of the 
randomly dispersed canopy trees. There was some evidence 
that, the shorter the canopy trees the more significant were 
interspecific associations with subcanopy species, but 
spacing was not affected. Were the understory stems filling 
old gaps, they would have been aggregated rather than 
uniform relative to canopy trees. Further, the relative 
paucity of juvenile trees for which there were no canopy 
adults suggests that, especially in seasonal forests with 
frequent or regular canopy disturbance, trees of varying 
life-history strategies are coexistent rather than 
alternating in temporal or spatial dominance.
In patterns of horizontal and vertical dispersion, 
temperate and tropical seasonal forests were more similar 
than different. Canopy trees were randomly distributed, and 
the understory was comprised more of juvenile trees than of 
shrub species. In density and in species diversity, seasonal 
forests reached maxima at 2 0° N, not near the equator. As 
reflected in the similarity of structure among equatorial
254
and temperate forests, differing canopy distur b a n c e  regime
appeared to affect composition and density more than did
decreasing latitude.
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CONCLUSION
In these nine seasonally deciduous forests, there is 
very little evidence to support the idea of a general 
latitudinal gradient, either of increasing species diversity 
or in complexity of vertical structure with decreasing 
latitude. Forest stature and density are the result of site- 
specific interactions among and between the genetic 
potential of species assemblages and the abiotic conditions 
at the local and regional scales. Stratification is a 
general characteristic of seasonal forests; however, 
variation in vertical dispersion of species and age classes 
appears to be affected more by regional canopy disturbance 
regime than by autogenic or local biotic events— small-scale 
treefall gaps and subsequent competition for replacement. 
Subcanopy density and local species richness are positively 
correlated with frequency of canopy perturbation. Species 
diversity does not increase as latitude decreases: rather, 
seasonal forest diversity peaks in meso-America at around 
2 0° north, not in the equatorial lowlands of the northern 
Amazon basin. Excepting lianas, species diversity does not 
change (or increase) disproportionately in any particular 
stratum; well over half the given species in each forest 
were, potentially, at least, canopy trees.
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APPENDIX A: TEMPERATE SITE SPECIES
Temperate species and their families are listed by site. 
Determinations by MFQ, with correction by T. Wendt.
Citations for Hueston Woods and Black Rock are from: Elias, 
T.S. 1980, Trees of North America. Van Nostrand Reinhold 
Co., New York. (Additional shrub citations were found in 
Raup, H.M., 1938, Botanical Studies in the Black Rock 
Forest, Black Rock Forest Bulletin #7, Cornwall, NY.) 
Citations for Tunica Hills and Titi Hammock are from: 
Radford, A.E., H.E.Ahles, and C.R.Bell, 1968, Manual of the 
Vascular Flora of the Carolinas. Univ. of N.C. Press, Chapel 
Hill. Louisiana plants not found in Radford et al. were 
cited from Clewell, A.F., 1986, Vascular Plants of the 
Florida Panhandle, University of Florida Press, Tallahassee.
11 Hueston Woods, Preble Countv, Ohio
Acer nigrum Michx. Aceraceae
Acer rubrum L. Aceraceae
Acer saccharum Marsh. Aceraceae
Aesculus glabra Willd. Hippocastanaceae
Asimina triloba (L.) Dunal Annonaceae
Carpinus caroliniana Walt. Betulaceae
Carya cordiformis (Wagenh.) K.Koch Juglandaceae
Carya glabra (Mill.) Sweet Juglandaceae
Carya laciniosa (Michx. f.) Loud. Juglandaceae
Carya ovata (Mill.) K.Koch Juglandaceae
Celtis occidentalis L. Ulmaceae
Cercis canadensis L. Fabaceae
Cornus florida L. Cornaceae
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Crataegus sp.
Fagus grandifolia Ehrh.
Fraxinus americana L.
Fraxinus pennsylvanica Marsh. 
Fraxinus quadrangulata Michx. 
Gleditsia triacanthos L.
Juglans nigra L.
Lindera benzoin (L.) Blume 
Liriodendron tulipifera L. 
Lonicera maackii (Rupr.) Maxim. 
Maclura pomifera (Raf.) Schneid. 
Morus alba L.
Ostrya virginiana (Mill.) K.Koch
Rosaceae
Fagaceae
Oleaceae
Oleaceae
Oleaceae
Fabaceae
Juglandaceae
Lauraceae
Magnoliaceae
Caprifoliaceae
Moraceae
Moraceae
Betulaceae
Parthenocissus quinquefolia (L.)Planchon Vitaceae
Platanus occidentalis L.
Populus grandidentata Michx. 
Prunus americana Marsh.
Prunus cf. angustifolia Marsh. 
Prunus serotina Ehrh.
Rhus radicans L.
Rosa multiflora Thunberg 
Rubus L.
Quercus rubra L. (Q.borealis) 
Quercus muehlenbergii Engelm. 
Quercus velutina Lam.
Quercus sp.
Platanaceae
Salicaceae
Rosaceae
Rosaceae
Rosaceae
Anacardiaceae
Rosaceae
Rosaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Smilax L. Liliaceae
Tilia americana L. Tiliaceae
Ulmus americana L. Ulmaceae
Ulmus rubra Muhl. Ulmaceae
Viburnum acerifolium L. Caprifoliaceae
Vitis rotundifolia Michaux Vitaceae
2) Black Rock Forest. Orancre Countv, New York
Acer pennsylvanicum L. Aceraceae
Acer rubrum L. Aceraceae
Acer saccharum Marsh. Aceraceae
Amelanchier sanguinea (Pursh) DC. Rosaceae
Aronia melanocarpa (Michx.) Britton Rosaceae
Berberis Thunbergii DC. Berberidaceae
Betula alleghaniensis Britton Betulaceae
Betula lenta L. Betulaceae
Carpinus caroliniana Walt. Betulaceae
Carya cordiformis (Wagenh.) K.Koch Juglandaceae
Carya glabra (Mill.) Sweet Juglandaceae
Carya ovata (Mill.) K.Koch Juglandaceae
Castanea dentata (Marsh.) Borkh. Fagaceae
Cornus Florida L. Cornaceae
Fagus grandifolia Ehrh. Fagaceae
Fraxinus americana L. Oleaceae
Fraxinus pennsylvanica Marsh. Oleaceae
Hamamelis virginiana L. Hamamelidaceae
Juglans nigra L. Juglandaceae
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Kalmia latifolia L.
Lindera benzoin (L.) Blume 
Liriodendron tulipifera L.
Ericaceae
Lauraceae
Magnoliaceae
Pyrus xnalus L. (M. sylvestris [L].Mill.) Rosaceae 
Nyssa sylvatica Marsh. Nyssaceae
Ostrya virginiana (Mill.) K.Koch Betulaceae
Parthenocissus quinquefolia (L.)Planchon Vitaceae
Populus grandidentata Michx. 
Prunus pennsylvanica L.f.
Prunus serotina Ehrh.
Quercus alba L.
Quercus coccinea Muench.
Quercus palustris Muenchh.(sic) 
Quercus prinus L.
Salicaceae
Rosaceae
Rosaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Quercus rubra L. (Q. borealis Michx. f.) Fagaceae
Quercus velutina Lam. 
Rhododendron viscosum(L.) Torr. 
Rhus radicans L.
Sassafras albidum (Nutt.) Nees 
Tilia americana L.
Tsuga canadensis (L.) Carr. 
Ulmus americana L.
Vaccinium arboreum Marsh. 
Vaccinium corymbosum L.
Vitis rotundifolia Michaux
Fagaceae
Ericaceae
Anacardiaceae
Lauraceae
Tiliaceae
Pinaceae
Ulmaceae
Ericaceae
Ericaceae
Vitaceae
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3) Tunica Hills, West Feliciana Parish, Louisiana
Acer negundo L. Aceraceae
Acer rubrum L. Aceraceae
Acer saccharum Marsh, subsp. floridanum (Chapm.) Desmara. 
Aceraceae
Aesculus pavia L. Hippocastanaceae
Ampelopsis arborea (L.) Koehne Vitaceae
Aralia spinosa L. Araliaceae
Asimina triloba (L.) Dunal Annonaceae
Berchemia scandens (Hill) K.Koch Rhamnaceae
Bignonia capreolata L. Bignoniaceae
Bumelia lycioides (L.) Persoon Sapotaceae
Callicarpa americana L. Verbenaceae
Carpinus caroliniana Walt. Betulaceae
Carya cordiformis (Wagenh.) K.Koch Juglandaceae
Carya glabra (Mill.) Sweet Juglandaceae
Carya illinoiensis (Wang.) K.Koch Juglandaceae
Carya tomentosa (Poiret) Nuttall Juglandaceae
Castanea pumila (L.) Miller Fagaceae
Cissus trifoliata (L.) L. Vitaceae
Cornus florida L. Cornaceae
Celtis laevigata Willd. Ulmaceae
Decumaria barbara L. Saxifragaceae
Fagus grandifolia Ehrh. Fagaceae
Fraxinus americana L. Oleaceae
Fraxinus pennsylvanica Marsh. Oleaceae
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Halesia diptera Ellis 
Hamamelis virginiana L. 
Hydrangea quercifolia Bartr. 
Gleditsia triacanthos L.
Ilex opaca Aiton 
Ilex vomitoria Aiton 
Juglans nigra L.
Juniperus virginiana L. 
Ligustrum sinense Lour. 
Lindera benzoin (L.) Blume 
Liquidambar styraciflua L. 
Liriodendron tulipifera L. 
Lonicera japonica Thunberg
Styracaceae
Hamamelidaceae
Saxifragaceae
Fabaceae
Aquifoliaceae
Aquifoliaceae
Juglandaceae
Cupressaceae
Oleaceae
Lauraceae
Hamamelidaceae
Magnoliaceae
Caprifoliaceae
Magnoliaceae
Magnoliaceae
Betulaceae
Magnolia grandiflora L.
Magnolia pyramidata Bartram ex Pursh 
Ostrya virginiana (Mill.) K.Koch 
Parthenocissus quinquefolia (L.) Planchon Vitaceae 
Paulownia tomentosa (Thunberg) Steudel Scrophulariaceae 
Planera aquatica Walter ex J.F.Gmelin 
Platanus occidentalis L.
Prunus caroliniana Aiton 
Prunus serotina Ehrh.
Quercus alba L.
Quercus michauxii Nuttall 
Quercus muehlenbergii Engelm.
Quercus nigra L.
Ulmaceae
Platanaceae
Rosaceae
Rosaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Quercus nuttallii E.J.Palmer 
Quercus pagodaefolia Ell. 
Quercus phellos L.
Quercus shumardii Buckley 
Rhus radicans L.
Sabal minor (Jacquin) Persoon 
Smilax bona-nox L.
Sassafras albidum (Nutt.) Nees 
Styrax grandifolia Aiton 
Symplocos tinctoria (L.) L'Her. 
Tilia americana L.
Ulmus alata Michaux 
Ulmus americana L.
Ulmus rubra Muhl.
Viburnum dentatum L.
Viburnum nudum L.
Vitis aestivalis Michx.
Vitis rotundifolia Michx.
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Anacardiaceae
Arecaceae
Liliaceae
Lauraceae
Styracaceae
Symplocaceae
Tiliaceae
Ulmaceae
Ulmaceae
Ulmaceae
Caprifoliaceae
Caprifoliaceae
Vitaceae
Vitaceae
4) Titi Hammock. Thomas County. Georgia 
Acer rubrum L. Aceraceae
Aesculus pavia L. Hippocastanaceae
Aleurites fordii Hemsl. Euphorbiaceae
Aralia spinosa L. Araliaceae
Asimina triloba (L.) Dunal Annonaceae
Bignonia capreolata L. Bignoniaceae
Bumelia lanuginosa (Michx.) Pers. Sapotaceae
Bumelia tenax (L.) Willd. Sapotaceae
Callicarpa americana L. Verbenaceae
Carpinus carolinana Walt. Betulaceae
Carya glabra (Mill.) Sweet Juglandaceae
Carya tomentosa (Poiret) Nuttall Juglandaceae
Carya illinoiensis (Wang.)K. Koch Juglandaceae
Castanea alnifolia Nuttall Fagaceae
Castanea pumila (L.) Miller Fagaceae
Cercis canadensis L. Fabaceae
Cornus florida L. Cornaceae
Crataegus phaenopyrum (L.f.) Medicus Rosaceae
Crataegus flabellata (Bose.) K.Koch Rosaceae
Decumaria barbara L. Saxifragaceae
Diospyros virginiana L. Ebenaceae
Euonymus americanus L. Celastraceae
Fagus grandifolia Ehrh. Fagaceae
Fraxinus americana L. Oleaceae
Fraxinus caroliniana Mill. Oleaceae
Halesia Carolina L. Styracaceae
Hamamelis virginiana L. Hamamelidaceae
Ilex ambigua (Michx.) Torr. Aquifoliaceae
Ilex opaca Aiton Aquifoliaceae
Itea virginica L. Saxifragaceae
Leucothoe axillaris (Lam.) D . Don Ericaceae
Ligustrum sinense Lour. Oleaceae
Liquidambar styraciflua L. 
Liriodendron tulipifera L. 
Magnolia grandiflora L.
Magnolia virginiana L.
Morus rubra L.
Myrica cerifera L.
Nyssa biflora Walt.
Nyssa sylvatica Marsh.
Osmanthus americana (L.) Gray 
Ostrya virginiana (Mill.) K.Koch 
Oxydendron arboreum (L.) DC.
Hamamel i d a c e a e
Magnoliaceae
Magnoliaceae
Magnoliaceae
Moraceae
Myricaceae
Nyssaceae
Nyssaceae
Oleaceae
Betulaceae
Ericaceae
Parthenocissus quinquefolia (L.) Planchon Vitaceae
Pinus glabra Walter 
Pinus taeda L.
Prunus caroliniana Aiton 
Prunus serotina Ehrh.
Quercus alba L.
Quercus hemisphaerica Bartr.
Quercus laurifolia Michx.
Quercus lyrata Walter 
Quercus michauxii Nuttall 
Quercus nigra L.
Rhododendron canescens (Michx.)Sweet 
Rhododendron viscosum (L.) Torrey 
Rhus radicans L.
Sambucus canadensis L.
Pinaceae
Pinaceae
Rosaceae
Rosaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Ericaceae
Ericaceae
Anacardiaceae
Caprifoliaceae
273
Smilax auriculata Walter Liliaceae
Smilax laurifolia L. Liliaceae
Styrax americana Lam. Styracaceae
Styrax grandifolia Aiton Styracaceae
Symplocos tinctoria (L.) L'Her. Symplocaceae
Tilia americana L. Tiliaceae
Vaccinium arboreum Marsh. Ericaceae
Vaccinium corymbosum L. Ericaceae
Viburnum rufidulum Walter Caprifoliaceae
Vitis aestivalis Michx. Vitaceae
Vitis rotundifolia Michx. Vitaceae
Yucca aloifolia L. Liliaceae
APPENDIX B: TEMPERATE FAMILY SUMMARY
Numbers of species per family by site.
Family
Aceraceae
Anacardiaceae
Annonaceae
Aquifoliaceae
Araliaceae
Arecaceae
Berberidaceae
Betulaceae
Bignoniaceae
Caprifoliaceae
Celastraceae
Cornaceae
Cupressaceae
Ebenaceae
Ericaceae
Euphorbiaceae
Fabaceae
Fagaceae
Hamamelidaceae
Hippocastanaceae
Juglandaceae
Lauraceae
Liliaceae
Magnoliaceae
Moraceae
Myricaceae
N yssaceae
O leaceae
Pinaceae
Platanaceae
Rhamnaceae
R osaceae
Salicaceae
Sapotaceae
Saxifragaceae
Scrophulariaceae
Styracaceae
Sym plocaceae
Tiliaceae
Ulmaceae
Verbenaceae
)f Species
les Blac Tuni Titi
3 3 3 1
1 1 1 1
1 1 1
2 2
1 1
1
1
2 4 2 2
1 1
2 3 2
1
1 1 1 1
1
1
4 6
1
2 1 1
3 8 8 8
1 2 2
1 1 1
5 4 5 3
1 2 1
1 1 3
1 1 3 3
2 1 1
1 1
1 1 2
3 2 3 4
1 2
1 1
1
6 5 2 4
1 1
1 2
2 2
1
2 3
1 1
1 1 1 1
3 1 5
1 1
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Vitaceae
APPENDIX C: TROPICAL SITE SPECIES
Species and families determined for each of the 
tropical sites, and families for undetermined species. 
(Specimens that could not be identified to family are not 
included.) Authority for Chamela was Emily J. Lott (UC 
Riverside). For Guanica, determinations were by George R. 
Proctor (Dept. Natural Resources, San Juan, PR) and 
citations were from Liogier, H.A., and L.F.Martorell, 1982, 
Flora of Puerto Rico and Adjacent Islands: a systematic 
synopsis, Editorial de la Universidad de Puerto Rico, Rio 
Piedras, PR. For Palo Verde, determinations were principally 
by R. Liesner at Missouri Botanical Garden, with assistance 
from A.Gentry, J.Miller, D'arcy, C.Reynel, C.M.Taylor, J. 
MacDougal, and W.D.Stevens; citations were from Janzen, D.H, 
and R.Liesner, 1980, Annotated check-list of plants of 
lowland Guanacaste Province, Costa Rica, Brenesia 18:15-90. 
Determinations for Rancho Grande were also by R. Liesner of 
Missouri, assisted by P.Berry, A.Gentry, R.Rueda, H.Brant,
J.Miller, and C.M.Taylor. Determinations for Weri-Mur were 
by C.Kelloff, E.M.Harris and many others at the Smithsonian 
Insitution and through their offices.
l)Estacion Bioloqica de Chamela. Jalisco. Mexico
Abutilon mcvaughii Fryxell Malvaceae
Acacia angustissima (Mill.) Ktze. Fabaceae
Acacia macracantha Humb. & Bonpl. ex Willd. Fabaceae
Acalypha multiflora (Standi.) A.Radcliffe-Sm. Euphorbiaceae
Achatocarpus gracilis H.Walt. Achatocarpaceae
Agonandra racemosa (DC.) Standi. Opiliaceae
Apoplanesia paniculata Presl. Fabaceae
Argythamnia lottiae J. Ingram - Euphorbiaceae
Astronium graveolens Jacq. , Anacardiaceae
Bauhinia divaricata L. Fabaceae
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Bunchosia palmeri S. Wats. sens. lat. Malpighiaceae
Bursera arborea (Rose) Riley Burseraceae
Bursera instabilis McVaugh & Rzed. Burseraceae
Caesalpinia caladenia Standi. Fabaceae
Caesalpinia eriostachys Benth. Fabaceae
Caesalpinia platyloba S. Wats. Fabaceae
Caesalpinia pulcherrima (L.) Sw. Fabaceae
Calliandra emarginata Benth. Fabaceae
Capparis flexuosa (L.) L. Capparidaceae
Capparis indica (L.) Fawc. & Rendle Capparidaceae
Casearia corymbosa HBK. Flacourtiaceae
Casearia obovata Schlecht. Flacourtiaceae
Ceiba aesculifolia (HBK.) Britt. & Rose Bombacaceae
Celaenodendron mexicanum Standi. Euphorbiaceae
Celtis iguanaeus (Jacq.) Sarg. Ulmaceae
Cephalocereus purpusii Britt. & Rose Cactaceae
Chlorophora tinctoria (L.) Gaud. Moraceae
Clytosoma binatum (Thunb.) Sandw. Bignoniaceae
Cnidosculus spinosus Lundell Euphorbiaceae
Coccoloba barbadensis Jacq. Polygonaceae
Coccoloba liebmannii Lindau Polygonaceae
Colubrina heteroneura Standi. Rhamnaceae
Colubrina triflora Rhamnaceae
Combretum fruticosum (Loefl.) Stuntz Combretaceae
Comocladia engleriana Loes. Anacardiaceae
Cordia alliodora (Ruiz & Pav.) Oken Boraginaceae
Cordia dentata Poir.
Cordia elaeagnoides DC. 
Cordia gerascanthus L. 
Crescentia alata HBK.
Croton sp. nov.
Croton pseudoniveus Lundell 
Cupania glabra Standi. 
Cynometra oaxacana Brandegee 
Diospyros rosei Standi.
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Boraginaceae
Boraginaceae
Boraginaceae
Bignoniaceae
Euphorbiaceae
Euphorbiaceae
Sapindaceae
Fabaceae
Ebenaceae
Fabaceae
Fabaceae
Diphysa puberulenta Rydb.
Entadopsis polystachya (L.) Britt.
Erythrina lanata Rose var.occidentalis (Standi.)
Krukoff & Barneby Fabaceae
Erythroxylon havanense Jacq. Erythroxlaceae
Erythroxylon mexicanum HBK. Erythroxlaceae
Esenbeckia berlandieri Baill. subsp. acapulcensis
(Rose) Kaastra Rutaceae
Euphorbia colletioides Benth. 
Exostema mexicanum A.Gray 
Ficus cotinifolia HBK. 
Forchhammeria pallida Liebm. 
Forestiera cf. rhamnifolia Griseb. 
Guapira cf. macrocarpa 
Guapira macrocarpa 
Guazuma ulmifolia Lam.
Guettarda elliptica Sw.
Euphorbiaceae
Rubiaceae
Moraceae
Capparidaceae
Oleaceae
Nyctaginaceae
Nyctaginaceae
Sterculiaceae
Rubiaceae
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Gyrocarpus jatrophifolius H e r n andiaceae
Heliocarpus pallidus Rose Tiliaceae
Hintonia latiflora (Sesse & Moc. ex DC.) Bullock Rubiaceae
Hiraea reclinata Jacq. sens. lat. 
Hybanthus mexicanus Ging.
Ipomoea wolcottiana Rose 
Iresine interrupta Benth.
Jacaratia mexicana A. DC.
Jacquinia pungens A. Gray 
Jatropha cf.standleyi Steyerm.
Lagrezia monosperma (Rose) Standi.
Liabum caducifolium Robins. & Bartlett 
Lippia mcvaughii Mold.
Lonchocarpus constrictus Pitt. 
Lonchocarpus eriocarinalis Micheli 
Lonchocarpus lanceolatus Benth. 
Lonchocarpus mutans 
Luehea Candida (DC.) Mart.
Lysiloma microphylla Benth.
Marsdenia lanata (P.G.Wilson) W.D.Stevens 
Morisonia americana L.
Opuntia excelsa Sanchez-Mejorada 
Otopappus sp.
Ouratea mexicana (Humb. & Bonpl.) Engl. 
Paullinia sessiliflora Radik, in Rose 
Phyllanthus mocinianus Baill.
Malpighiaceae
Violaceae
Convolvulaceae
Amaranthaceae
Caricaceae
Theophrastaceae
Euphorbiaceae
Amaranthaceae
Asteraceae
Verbenaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Tiliaceae
Fabaceae
Asclepiadaceae
Capparidaceae
Cactaceae
Asteraceae
Ochnaceae
Sapindaceae
Euphorbiaceae
Physodium adenodes 
Piper brevipedicellatum 
Piptadenia constricta Macbr. 
Pithecellobium unguis-cati (L.) Mart. 
Pithecellobium mangense (Jacq.) MacBride 
Platymiscium lasiocarpum Sandw. 
Podopterus cordifolius Rose & Standi. 
Podopterus mexicanus Humb. & Bonpl. 
Poeppigia procera Presl.
Pouteria sp.
Pristimera celastroides (HBK.) A.C.Sm. 
Prockia crucis P.Browne ex L.
Psidium sartorianum Niedenzu 
Psychotria horizontalis Sw.
Pterocarpus orbiculatus 
Randia armata (Sw.) DC.
Randia tetracantha (Cav.) DC.
Randia sp.
Recchia mexicana Moc. & Sesse 
Rourea glabra HBK.
Ruellia albiflora Fern.
Ruprechtia fusca Fern.
Ruprechtia pallida Standi.
Sapium pedicellatum Huber 
Sapranthus foetidus (Rose) Safford 
Sapranthus microcarpus R.E.Fries.
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Sterculiaceae
Piperaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Polygonaceae
Polygonaceae
Fabaceae
Sapotaceae
Hippocrataceae
Flacourtiaceae
Myrtaceae
Rubiaceae
Fabaceae
Rubiaceae
Rubiaceae
Rubiaceae
Simaroubaceae
Connaraceae
Acanthaceae
Polygonaceae
Polygonaceae
Euphorbiaceae
Annonaceae
Annonaceae
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Sciadodendron excelsum Griseb. Arali a c e a e
Senna mollissima Willd. var. glabrata (Benth)
Irwin & Barneby Fabaceae
Serjania brachycarpa A. Gray Sapindaceae
Stemmadenia cf. grandiflora (Jacq.) Miers Apocynaceae
Strychnos cf. brachistantha Standley Loganiaceae
Swietenia humilis Zucc. Meliaceae
Tabebuia chrysantha (Jacq.) Nichols. Bignoniaceae
Tabebuia donnell-smithii Rose Bignoniaceae
Tabebuia rosea (Bertol.) DC. Bignoniaceae
Thouinia paucidentata Radik. Sapindaceae
Thouinidium decandrum (Humb. & Bonpl.)Radik. Sapindaceae
Tournefortia hartwegiana Boraginaceae
Trichilia hirta L. Meliaceae
Trichilia trifolia L. subsp. palmeri (C. DC.) Pennington
Meliaceae
Verbesina lottiana Asteraceae
Vernonia triflosculosa HBK. subsp. triflosculosa Asteraceae 
Vitex hemsleyi Briq. Verbenaceae
Xylophragma seemannianum (Ktze.) Sandw. Bignoniaceae
Xylosma characantha Standley Flacourtiaceae
Xylosma intermedium (Seem.) Triana & Planch. Flacourtiaceae 
Zanthoxylum arborescens Rose Rutaceae
Zanthoxylum caribaeum Lam vel aff. Rutaceae
Zanthoxylum fagara (L.) Sarg. Rutaceae
Zizyphus amole (Sesse & Moc.) M.C.Johnst. Rhamnaceae
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2) Guanica. Puerto Rico 
Acacia retusa 
Adelia ricsinella L. 
Agave sisalina Perrine 
Amyris elemifera L.
Fabaceae
Euphorbiaceae
Agavaceae
Rutaceae
Antirhea lucida (Sw.)Hook.f. in Benth. & Hook.f. Rubiaceae 
Argythamnia fasciculata (Vahl.) Muell.Arg. Euphorbiaceae 
Ateramnus lucidus (Sw.) Rothm.
Bernardia dichotoma (Willd.) Muell.Arg.
Bourreria dominguensis (DC.) Griseb. 
Bucida buceras L.
Bunchosia glandulosa (Cav.) L.C.Rich 
Bursera simarouba (L.) Sarg.
Canela winterana (L.) Gaertn. 
Capparis cynophyllophora L.
Capparis flexuosa (L.) L.
Capparis hastata Jacq.
Capparis indica (L.) Fawc. & Rendle 
Cassia grandis L.f.
Cassine xylocarpa (A.Rich) Alain 
Celtis trinervia Lam.
Chiococca alba A.S.Hitchc.
Cissus spp.
Citharexylum fruticosum L.
Clematis dioica L.
Clusia rosea Jacq.
Euphorbiaceae
Euphorbiaceae
Boraginaceae
Combretaceae
Malpighiaceae
Burseraceae
Canellaceae
Capparidaceae
Capparidaceae
Capparidaceae
Capparidaceae
Fabaceae
Celastraceae
Ulmaceae
Rubiaceae
Vitaceae
Verbenaceae
Ranunculaceae
Guttiferae
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Coccoloba diversifolia Jacq. Polygonaceae
Coccoloba microstacha Willd. Polygonaceae
Colubrina arborescens (Miller) Sarg. Rhamnaceae
Comocladia dodonaea (L.) Urban Anacardiaceae
Cordia collococca L. Boraginaceae
Crossopetalum rhacoma Crantz Celastraceae
Croton humilis L. Euphorbiaceae
Croton rigidus (Muell.Arg.) Britton Euphorbiaceae
Delonix regia (Bojer ex Hook.) Raf. Fabaceae
Distictis laxiflora Greenman Bignoniaceae
Erythroxylon brevipes DC. Erythroxlaceae
Erythroxylon areolatum L. Erythroxlaceae
Eugenia axillaris (Sw.) Willd. Myrtaceae
Eugenia maleolens Pers. Myrtaceae
Eugenia ligustrina (Sw.) Willd. Myrtaceae
Eugenia monticola (Sw.) DC. Myrtaceae
Eugenia rhombaea (Berg.) Krug & Urban Myrtaceae
Eugenia xerophytica Britton Myrtaceae
Eugenia sp. Myrtaceae
Exostema caribaeum (Jacq.) Schult. in L. Rubiaceae
Ficus citrifolia P.Miller Moraceae
Furcraea tuberosa (Miller) Ait.f. Agavaceae
Gouania lupuloides (L.) Urban Rhamnaceae
Guaiacum officinale L. Zygophyllaceae
Guaiacum sanctum L. Zygophyllaceae
Guapira obtusata (Jacq.) Little Nyctaginaceae
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Guettarda elliptica Sw.
Haematoxylon campechianum L.
Helicteris jamaicensis Jacq.
Heteropteris purpurea (L.) Kunth 
Hibiscus clypeatus L.
Jatropha hernandiifolia Vent. 
Krugiodendron ferreum (Vahl) Urban 
Leptocereus quadricostatus (Bello)Britton 
Leucaena leucocephala (Lam.) DeWit 
Machaonia portoricensis Baill.
Macfadyena unguis-cati (L.) A.Gentry 
Metopium toxiferum (L.) Krug & Urban 
Myricanthes fragrans (Sw.) McVaugh 
Ocotea coriacea (Sw.) Britton 
Ottoschultzia rhodoxylon (Urban) Urban 
Picramnia pentandra Sw.
Pictetia aculeata (Vahl) Urban 
Pilosocereus royenii (L.) Byles & Rowley 
Pisonia albida (Hml.) Brit, ex Standi. 
Pithecellobium unguis-cati (L.) Mart. 
Plumeria alba L.
Prosopis pallida (H.& B. ex Willd.) HBK. 
Psychotria pubescens Sw.
Randia aculeata L.
Reynosia uncinata Urban 
Savia sessiliflora (Sw.) Willd.
Rubiaceae 
Fabaceae 
Sterculiaceae 
Malpighiaceae 
Malvaceae 
Euphorbiaceae 
Rhamnaceae 
& Rose Cactaceae 
Fabaceae 
Rubiaceae 
Bignoniaceae 
Anacardiaceae 
Myrtaceae 
Lauraceae 
Icacinaceae 
S imaroubaceae 
Fabaceae 
Cactaceae 
Nyctaginaceae 
Fabaceae 
Apocynaceae 
Fabaceae 
Rubiaceae 
Rubiaceae 
Rhamnaceae 
Euphorbiaceae
Schaefferia frutescens Jacq.
Serjania polyphylla (L.) Radik.
Sideroxylon obovatum Lam.
Sideroxylon salicifolium (L.) Lam. 
Stigmaphyllon floribundum (DC.) C.Anderson 
Stigmaphyllon periplocifolium (Desf.)Juss. 
Swietenia mahagoni (L.) Jacq.
Rauvolfia nitida Jacq.
Rochefortia acanthophora (DC.) Griseb. 
Rondeletia inermis (Spreng.)Krug & Urban 
Tabebuia heterophylla (DC.) Britton 
Tamarindus indica L.
Thouinia striata var.portoricensis (Radik.)
Trichostigma triacantha 
Thrinax morrisii H. Wendl.
Trichilia hirta L.
Trichilia triacantha Urban 
Urechites lutea (L.) Britton 
Wedelia lanceolata DC.
Zanthoxylum flavum Vahl 
Xylosma buxifolium A. Gray 
Zamia portoricensis Urban 
Zizyphus reticulata (Vahl) DC.
3) Palo Verde. Guanacaste. Costa Rica 
Acacia collinsii Safford
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Celastraceae 
Sapindaceae 
Sapotaceae 
Sapotaceae 
Malpighicaeae 
Malpighiaceae 
Meliaceae 
Apocynaceae 
Boraginaceae 
Rubiaceae 
Bignoniaceae 
Fabaceae 
Votava & Alain 
Sapindaceae 
Phytolaccaceae 
Arecaceae 
Meliaceae 
Meliaceae 
Apocynaceae 
Asteraceae 
Rutaceae 
Flacourtiaceae 
Cycadaceae 
Rhamnaceae
Fabaceae
Allophyllus occidentalis (Sw.) Radik. 
Alvaradoa amorphoides Liebm.
Aphelandra scabra (Vahl) Smith 
Ardisia revoluta HBK.
Arrabidaea patellifera (Schlecht.) Sandw. 
Astronium graveolens Jacq.
Bactris balanoidea Jacq.
Banisteriopsis muricata (Cav.) Cuatr. 
Bauhinia divaricata L.
Bauhinia ungulata L.
Bernardia nicaraguensis Standi. & L.Wms 
Bourreria quirosii Standi.
Bromelia pinguin L.
Brosimum alicastrum Swartz.
Bursera simarouba (L.) Sarg.
Bursera permollis Standi & Steyerm. 
Caesalpinia eriostachys Benth.
Calycophyllum candidissimum (Vahl) DC. 
Capparis indica L.
Capparis pachaca HBK. ssp. oxysepala (Radik
Casearia tremula (Grisebach) Wright 
Cavanillesia platanifolia (H.& B.) HBK. 
Cecropia peltata L.
Ceiba aesculifolia (HBK.) Britt, and Baker 
Ceiba pentandra (L.) Gaerth.
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Sapindaceae 
Simaroubaceae 
Acanthaceae 
Myrsinaceae 
Bignoniaceae 
Anacardiaceae 
Arecaceae 
Malpighiaceae 
Fabaceae 
Fabaceae 
Euphorbiaceae 
Boraginaceae 
Bromeliaceae 
Moraceae 
Burseraceae 
Burseraceae 
Fabaceae 
Rubiaceae 
Capparidaceae 
) litis
Capparidaceae
Flacourtiaceae
Bombacaceae
Moraceae
Bombacaceae
Bombacaceae
Cestrum vel aff. alternifolium (Jacq.) 0
Chlorophora tinctoria (L.) Gaud.
Chomelia spinosa Jacq.
Coccoloba floribunda (Benth.) Lindau 
Cochlospermum vitifolium (Willd.) Spreng 
Combretum decandrum Jacq.
Combretum farinosum HBK.
Cordia alliodora (R. and P.) Oken 
Cordia collococca L.
Croton fragilis Kunth 
Croton niveus Jacq.
Cynanchum liesneriana L.Wms.
Diospyros nicaraguensis Standi. 
Enterolobium cyclocarpum (Jacq.) Griseb 
Erythroxylon havanense Jacq.
Eugenia sp.
Euphorbia colletioides Benth.
Exostema cf. caribaeum (Jacq.) R.& S. 
Forsteronia spicata (Jacq.) G. Meyer 
Genipa americana L.
Godmania aesculifolia (HBK.) Standi. 
Guaiacum sanctum L.
Guazuma ulmifolia Lam.
Guettarda macrosperma J.D.Sm.
Hemiangium excelsum (HBK.) A.C.Smith
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,E.Schultz
Solanaceae
Moraceae
Rubiaceae
Polygonceae
Cochlospermaceae
Combretaceae
Combretaceae
Boraginaceae
Boraginaceae
Euphorbiaceae
Euphorbiaceae
Asclepiadaceae
Ebenaceae
Fabaceae
Erythroxlaceae
Myrtaceae
Euphorbiaceae
Rubiaceae
Apocynaceae
Rubiaceae
Bignoniaceae
Zygophyllaceae
Sterculiaceae
Rubiaceae
Hippocrateaceae
Hiraea reclinata Jacq.
Hura crepitans L. 
Hyperbaena tonduzii Diels. 
Jacquinia pungens Gray
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Ma l p i g h i a c e a e
Euphorbiaceae
Menispermaceae
Theophrastaceae
Lemaireocereus aragonii (Weber) Britt.& Rose Cactaceae
Licania arborea Seem.
Lonchocarpus sp. 1 
Lonchocarpus sp. 2 
Lonchocarpus parviflorus Benth. 
Lonchocarpus minimiflorus Donn.Sm. 
Lonchocarpus phaseofolius Benth. 
Luehea Candida (T.C.) Mart. 
Lysiloma sp.
Machaerium biovulatum Micheli 
Machaerium kegelii Meisner 
Malaviscus arboreus Cav.
Malpighia glabra L.
Manilkara chicle (Pittier) Gilly 
Marsdenia macrophylla (HBK) Fourn. 
Marsdenia trivirgulata Bartlett 
Melochia nodiflora Sw.
Myrospermum frutescens Jacq. 
Myroxylon sp.
Chrysobalanaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Tiliacae
Fabaceae
Fabaceae
Fabaceae
Malvaceae
Malpighiaceae
Sapotaceae
Asclepiadaceae
Asclepiadaceae
Sterculiaceae
Fabaceae
Fabaceae
BignoniaceaePachyptera hymenaea (DC.) A.Gentry 
Passiflora platyloba Killip. var. platyloba Passifloraceae 
Paullinia cururu L. Sapindaceae
Pisonia aculeata L.
Pithecellobium sp.
Plumeria rubra L.
Pouteria sp.
Pseudobombax septenatum (Jacq.) Dugand 
Pseudoboxnbax quinatum 
Psychotria horizontalis Sw.
Pterocarpus rohrii Vahl 
Randia sp.
Randia cf. monantha Benth.
Rehdera trinervis (Blake) Mold.
Rourea glabra HBK.
Sapindus saponaria L.
Sapium laurifolium (Rich.) Griseb. 
Sapranthus palanga Fries 
Schoepfia schreberi J.F.Gmel. 
Sciadodendron excelsum Griseb.
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Nycta g i n a c e a e
Fabaceae
Apocynaceae
Sapotaceae
Bombacaceae
Bombacaceae
Rubiaceae
Fabaceae
Rubiaceae
Rubiaceae
Verbenaceae
Connaraceae
Sapindaceae
Euphorbiaceae
Annonaceae
Olacaceae
Araliaceae
Senna papillosa (Britt & Rose) Irwin & Barneby Fabaceae
Serjania schiedeana Schlecht.
Sideroxylon capiri (A. DC.) Pittier 
Simarouba glauca DC.
Solanum hazenii Britt.
Spondias purpurea L.
Spondias radlkoferi Donn.
Stemmadenia obovata (Hook & Arn.) K.Schum. 
Swietenia macrophylla G.King
Sapindaceae
Sapotaceae
Simaroubaceae
Solanaceae
Anacardiaceae
Anacardiaceae
Apocynaceae
Mel i a c e a e
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Tabebuia impetiginosa (Mart, ex DC.) Standi. 
Tabebuia ochracea (Cham.) Standi, ssp.
neochrysantha A.Gentry 
Tabebuia rosea (Vertol.) DC.
Tetracera volubilis L.
Thevetia ovata (Cav.) A. DC.
Thouinia villosa DC.
Thouinidium decandrum (Humb. & Bonpl.) Radik 
Trigonia rugosa Benth.
Trixis inula Crantz
Xylophragma seemannianum (O.Ktze.) Sandw. 
Xylosma flexuosum (HBK.) Hemsl.
Zizyphus guatemalensis Hemsl.
Bignoniaceae
Bignoniaceae
Bignoniaceae
Dilleniaceae
Apocynaceae
Sapindaceae
Sapindaceae
Trigoniaceae
Asteraceae
Bignoniaceae
Flacourtiaceae
Rhamnaceae
4) Rancho Grande. Parque Nacional Henri Pittier. Edo.
Araqua. Venezuela 
Acalypha diversifolia Jacq.
Annona muricata L.
Aphelandra micans Mortitz 
Aristolochea maxima Jacq.
Arrabidaea chica
Arrabidaea corallina (Jacq.) Sandwith 
Arrabidaea oxycarpa Urban 
Astronium graveolens Jacq.
Bactris sp.
B auhinia guianensis Aubl.
Euphorbiaceae
Annonaceae
Acanthaceae
Aristolocaeae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Anacardiaceae
Arecaceae
Fabaceae
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Bertiera guianensis Aubl. Rubiaceae
Brosimum alicastrum Sw. Moraceae
Brownea birschellii Hook.f. Fabaceae
Brownea coccinea Jacq. ssp. capitellata Fabaceae
Brownea grandiceps Jacq. Fabaceae
Casearia arborea (L.C.Rich) Urban Flacourtiaceae
Casearia praecox Griseb. Flacourtiaceae
Casearia sylvestris Sw. Flacourtiaceae
Casearia sp. Flacourtiaceae
Castilla elastica Sesse Moraceae
Celtis sp. Ulmaceae
Clavija longifolia R. & P. Theophrastaceae
Coccoloba excelsa Benth. Polygonaceae
Coffea arabica L. Rubiaceae
Connarus wurdackii Prance Connaraceae
Cordia polycephala (Lam.) I .M.Johnston Boraginaceae
Croton gossypiifolius Vahl Euphorbiaceae
Cupania americana Sapindaceae
Dendropanax arboreus (L.) Decne. & Planch. Araliaceae
Desmoncus polyacanthos Mart • Arecaceae
Dichopetalum sp. Dichopetalaceae
Erythroxylon macrophyllum Cav. Erythroxlaceae
Eugenia sp. Myrtaceae
Faramea capillipes Muell. Arg. Rubiaceae
Ficus velutina Willd. Moraceae
Genipa americana L. Rubiaceae
Gliricidia sepium (Jacq.) Walp. 
Gonzalagunia cornifolia (HBK.) Standi. 
Guatteria sp.
Guarea glabra Vahl
Gustavia hexapetala (Aubl.) Smith 
Hamelia patens Jacq.
Hura crepitans L.
Inga sp. 1 
Inga sp. 2 
Inga sp. 3
Jacaranda caucana ssp. glabra 
Laur. s p . 1 
Laur. sp. 2
Luehea C a n d i d a  (DC.) Mart.
Machaerium biovulatum Micheli 
Mangifera indica L.
Mascagnia nervosa Niedenzu 
Maytenus guianensis Kl. vel spp aff 
Meliosma Hebertii Rolfe.
Memora cladotricha Sandwith 
Miconia sanctiphilippi Naud.
Mimosoid sp. 1 
Mimosoid sp. 2 
Myrcia sp.
Neea sp. 1 
Neea sp. 2
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Fabaceae
Rubiaceae
Annonaceae
Meliaceae
Lecythidaceae
Rubiaceae
Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae
Bignoniaceae
Lauraceae
Lauraceae
Tiliaceae
Fabaceae
Anacardiaceae
Malpighiaceae
Celastraceae
Sabiaceae
Bignoniaceae
Melastomataceaee
Fabaceae
Fabaceae
Myricaceae
Nyctaginaceae
Nyctaginaceae
Ocotea sp.
Pachira aquatica Aubl.
Papilionoid sp. 1 
Papilionoid sp. 2 
Papilionoid sp.3 
Paullinia carpopodea Camb.
Paullinia sp. 1 
Paullinia sp. 2 
Paullinia sp. 3 
Petraea volubilis L.
Pleonotoma variabilis
Pogonopus speciosus (Jacq.) K. Schum. 
Pollalesta hypochlora (Blake) Aristeguieta
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L auraceae
Bombacaceae
Fabaceae
Fabaceae
Fabaceae
Sapindaceae
Sapindaceae
Sapindaceae
Sapindaceae
Verbenaceae
Bignoniaceae
Rubiaceae
Asteraceae
Pseudopiptadenia pittieri (Harms) G.P.Lewis Fabaceae
Psychotria horizontalis Sw.
Psychotria cf. loretensis Standi.
Psychotria lucentifolia (Blake) Steyerm.
Pterocarpus magnicarpa Schery 
Pterocarpus sp.
Rinorea lindeniana (Tulasne) Kuntze 
Rudgea sp.
Ryania speciosa Vahl 
Schefflera morototoni (Aubl.) Maguire,
Steyerm., & Frodin Araliaceae 
Senna spectabilis (DC.) Irwin & Barneby Fabaceae
Serjania sp. Sapindaceae
Rubiaceae
Rubiaceae
Rubiaceae
Fabaceae
Fabaceae
Violaceae
Rubiaceae
Flacourtiaceae
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Sorocea hirtella Mildbr. Moraceae
Sterculia sp. Sterculiaceae
Strychnos schultesiana Krukoff Loganiaceae
Swartzia amplifolia Harms Fabaceae
Tabebuia chrysantha Jacq. Bignoniaceae
Terminalia oblonga (Ruiz & Pavon) Stey. Combretaceae
Trichilia euneura C.DC. Meliaceae
Trichilia pallida Sw. Meliaceae
Trichilia septentrionalis C.DC. Meliaceae
Triplaris caracassana Chamisso Polygonaceae
Uribaea sp. Fabaceae
Xylosma sp. Flacourtiaceae
Zanthoxylum monophyllum Lamarck Rutaceae
Zanthoxylum sp. Rutaceae
unknown sp. Myrtaceae
unknown sp. 1 Sapotaceae
unknown sp. 2 Sapotaceae
unknown sp. Simaroubaceae
unknown sp. Verbenaceae
5) Weri-Mur, Runununi District. Guyana
Allophyllus racemosis Sw. Sapindaceae
Arrabidaea florida DC. Bignoniaceae
Aspidosperma sp. Apocynaceae
Attalea regia (Mart.) W.Boer Arecaceae
Bauhinia scala-simiae Sandwith Fabaceae
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Bauhinia sp. 1 Fabaceae
Bauhinia sp. 2 Fabaceae
Bunchosia sp. 1 Malpighiaceae
Bunchosia sp. 2 Malpighiaceae
Bursera sp. Burseraceae
Byttneria sp. Sterculiaceae
Calyptranthese fasciculata O.Berg Myrtaceae
Casearia sylvestris Sw. Flacourtiaceae
Cecropia sp. Cecropiaceae
Cedrela odorata L. Meliaceae
Centrolobium paraense Benth. Fabaceae
Cupania cf. scrobiculata Sapindaceae
Cupania sp. Sapindaceae
Cydista aequinoctalis (L.) Mieo. Bignoniaceae
Desmoncus orthacanthus Mart. Arecaceae
Duguetia sp. Annonaceae
Eugenia cf. lambertiana Myrtaceae
Eugenia cf. moritziana Myrtaceae
Eugenia cf. pseudopsidium Jacq. Myrtaceae
Eugenia tapacumensis O.Berg. Myrtaceae
Genipa americana L. Rubiaceae
Gustavia augusta L. Lecythidaceae
Inga ingoides (Rich.)Willd. Fabaceae
Inga or Pithecellobium sp. Fabaceae
Heisteria sp. Olacaceae
Hirtella sp. Chrysobalanaceae
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Macfadyena unguis-cati (L.) A.Gentry Bignoniaceae
Myrcia inaequiloba (DC. ) LeGrand Myrtaceae
Machaerium sp. 1 Fabaceae
Machaerium sp. 2 Fabaceae
Manilkara sp. Sapotaceae
Mansoa alliecea (Lam.) (O.Ktze.)Sandw. Bignoniaceae
Margaritaria nobilis L. f . Euphorbiaceae
Maytenus sp. 1 Celastraceae
Maytenus sp. 2 Celastraceae
cf. Micropholis Sapotaceae
Morinda tenuiflora (Benth.)Steyerm. Rubiaceae
Neea, Guapira, or Pisonia sp. Nyctaginaceae
Paullinia sp. Sapindaceae
Peltogyne venosa Fabaceae
cf. Peltogyne sp. Fabaceae
Phyllanthus juglandifolius (HBK.) Webster Euphorbiaceae
Pouteria sp. 1 Sapotaceae
Pouteria sp. 2 Sapotaceae
Protium strumosum Daly Burseraceae
Randia armata (Sw.) DC. Rubiaceae
Sciadodendron excelsum Griseb. Araliaceae
Spondias mombin L. Anacardiaceae
Tabebuia cf. insignis Bignoniaceae
Talisia olivaeformis Sapindaceae
Trichilia sp. Meliaceae
Xylophragma seemannianum (0.Ktze.)Samdw. Bignoniaceae
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Zizyphus cinnamomum Rhamnaceae
Zygia latifolia (L.)Fawc.Sc Rendle Fabaceae
unknown s p. Apocynaceae
unknown s p . 1 Bignoniaceae
unknown s p. 2 Bignoniaceae
unknown s p . Bombacaceae
unknown sp. Capparidaceae
unknown sp. Clusiaceae
unknown sp. Cucurbitaceae
unknown s p . 1 Fabaceae
unknown s p . 2 Fabaceae
unknown s p . 3 Fabaceae
unknown s p. 4 Fabaceae
unknown sp. 5 Fabaceae
unknown s p . 6 Fabaceae
unknown sp. 7 Fabaceae
unknown s p . 8 Fabaceae
unknown sp. 9 Fabaceae
unknown s p . 10 Fabaceae
unknown sp. 11 Fabaceae
unknown sp. 1 Flacourtiaceae
unknown sp. 2 Flacourtiaceae
unknown sp. 3 Flacourtiaceae
unknown s p. 4 Flacourtiaceae
unknown s p . 1 Lauraceae
unknown sp. 2 Lauraceae
2 9 8
unknown sp. Lecythidaceae
unknown s p . 1 Malpighiaceae
unknown sp. 2 Malpighiaceae
unknown s p . 1 Meliaceae
unknown s p . 2 Meliaceae
unknown sp. 3 Meliaceae
unknown sp. Menispermaceae
unknown sp. 1 Moraceae
unknown s p . 2 Moraceae
unknown sp. 3 Moraceae
unknown sp. Myrtaceae
unknown s p . Piperaceae
unknown sp. 1 Polygonaceae
unknown s p . 2 Polygonaceae
unknown sp. 1 Sapotaceae
unknown sp. 2 Sapotaceae
unknown s p . Theophrastaceae
unknown s p . Tiliaceae
unknown sp. 1 Violaceae
unknown s p . 2 Violaceae
unknown s p . 3 Violaceae
AP P E N D I X  D: TROPICAL F A M I L Y  SUMMARY
Numbers of species per family by site.
Family # of Species
Cha Guan Palo Ran Weri
Acanthaceae 1 1 1
Achatocarpaceae 1
Agavaceae 2
Amaranthaceae 2
Anacardiaceae 2 2 3 2 1
Annonaceae 2 3 2 1
Apocynaceae 1 3 3 2
Araliaceae 1 1 2 1
Arecaceae 1 1 2 2
Aristolochaceae 1
Asclepiadaceae 1 3
Asteraceae 4 1 1 1 1
Bignoniaceae 6 3 7 7 9
Bom bacaceae 1 5 1 1
Boraginaceae 5 3 3 1
Bromeliaceae 1
Burseraceae 2 1 2 2
Cactaceae 2 2 1
Canellaceae 1
Capparidaceae 4 4 2 1
Caricaceae 1
Cecropiaceae 1
Celastraceae 3 1 2
Chrysobalanaceae • 1 1
Clusiaceae 1 1
Cochlospermaceae 1
Combretaceae 1 1 2 1
Connaraceae 1 1 1
Convulvulaceae 1
Cucurbitaceae 1
Cycadaceae 1
Dichopetalaceae 1
Dilleniaceae 1
Ebenaceae 1 1
Erythroxlaceae 2 2 1
Euphorbiaceae 10 8 6 3 2
Fabaceae 25 9 21 21 22
Flacourtiaceae 5 1 2 6 5
Hernandiaceae 1
Hippocrataceae 1 1
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Icacinaceae 1
Lauraceae 1 3 2
Lecythidaceae 1 2
Loganiaceae 1 1
Malpighiaceae 2 2 3 1 4
Malvaceae 1 1 1
M elastomataceae 1
Meliaceae 3 3 1 4 5
Menispermaceae 1 1
Moraceae 2 1 3 4 3
Myrsinaceae 1
Myrtaceae 1 8 1 2 8
Nyctaginaceae 2 2 1 2 1
Ochnaceae 1
Olacaceae 1 1
Oleaceae 1
Opiliaceae 1
Passifloraceae 1
Phytolaccaceae 1
Piperaceae 1 1
Polygonaceae 6 2 1 2 2
Proteaceae 1
Ranunculaceae 1
Rhamnaceae 3 5 1 1
Rubiaceae 7 8 8 11 3
Rutaceae 4 2 2
Sabiaceae 1
Sapindaceae 5 2 6 6 5
Sapotaceae 1 2 3 2 6
Simaroubaceae 1 1 2 1
Solanaceae 2
Sterculiaceae 2 1 2 1 1
Theophrastaceae 1 1 1 1
Tiliaceae 2 1 1 1
Trigoniaceae 1
Ulmaceae 1 1 1
Verbenaceae 2 1 1 2
Violaceae 1 1 3
Vitaceae 1
Zygophyllaceae 2 1
Undetermined 1 2 2 2 2
Total spp 137 100 121 103 100
Total fam 52 41 50 44 40
A P P E N D I X  E: ALL FAMILIES AND NUMB E R S  OF SPECIES/SITE
Numbers of species'per family by site 
Family # of Species
Hues Blac Tuni Titi Cham Guan Palo Ranc Wen
Acanthaceae 1 1 1
Aceraceae 3 3 3 1
Achatocarpaceae 1
Agavaceae 2
Amaranthaceae 2
Anacardiaceae 1 1 1 1 2 2 3 2 1
Annonaceae 1 1 1 2 3 2 1
Apocynaceae 1 3 3 2
Aquifoliaceae 2 2
Araliaceae 1 1 1 1 2 1
Arecaceae 1 1 1 2 2
Aristolochaceae 1
Asclepiadaceae 1 3
A steraceae 4 1 1 1 1
Berberidaceae 1
Betulaceae 2 4 2 2
Bignoniaceae 1 1 6 3 7 7 9
Bom bacaceae 1 5 1 1
Boraginaceae 5 3 3 1
Bromeliaceae 1
Burseraceae 2 1 2 2
C actaceae 2 2 1
Canellaceae 1
Capparidaceae 4 4 2 1
Caprifoliaceae 2 3 2
Caricaceae 1
Cecropiaceae 1
Celastraceae 1 3 1 2
Chrysobalanaceae 1 1
Clusiaceae 1 1
Cochlospermaceae 1
Combretaceae 1 1 2 1
Connaraceae 1 1 1
Convulvulaceae 1
Cornaceae 1 1 1 1
Cucurbitaceae 1
C upressaceae 1
Cycadaceae 1
Dichopetalaceae 1
Dilleniaceae 1
Ebenaceae 1 1 1
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Ericaceae 4 6
Erythroxlaceae 2 2 1
Euphorbiaceae 1 10 8 6 3 2
Fabaceae 2 1 1 25 9 21 21 22
Fagaceae 3 8 8 8
Flacourtiaceae 5 1 2 6 5
Hamamelidaceae 1 2 2
Hernandiaceae 1
Hippocastanaceae 1 1 1
Hippocrataceae 1 1
Icacinaceae 1
Juglandaceae 5 4 5 3
Lauraceae 1 2 1 1 3 2
Lecythidaceae 1 2
Liliaceae 1 1 3
Loganiaceae 1 1
Magnoliaceae 1 1 3 3
Malpighiaceae 2 2 3 1 4
Malvaceae 1 1 1
M elastomataceae 1
Meliaceae 3 3 1 4 5
Menispermaceae 1 1
Moraceae 2 1 1 2 1 3 4 3
Myricaceae 1 1
Myrsinaceae 1
Myrtaceae 1 8 1 2 8
Nyctaginaceae 2 2 1 2 1
Nyssaceae 1 1 2
Ochnaceae 1
Olacaceae 1 1
O leaceae 3 2 3 4 1
Opiliaceae 1
Passifloraceae 1
Phytolaccaceae 1
Pinaceae 1 2
Piperaceae 1 1
Platanaceae 1 1
Polygonaceae 6 2 1 2 2
Proteaceae 1
Ranunculaceae 1
Rhamnaceae 1 3 5 1 1
R osaceae 6 5 2 4
Rubiaceae 7 8 8 11 3
Rutaceae 4 2 2
Sabiaceae 1
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Salicaceae 1 1
Sapindaceae 5 2 6 6 5
Sapotaceae 1 2 1 2 3 2 6
Saxifragaceae 2 2
Scrophulariaceae 1
Simaroubaceae 1 1 2 1
Solanaceae 2
Sterculiaceae 2 1 2 1 1
Styracaceae 2 3
Symplocaceae 1 1
Theophrastaceae 1 1 1 1
Tiliaceae 1 1 1 1 2 1 1 1
Trigoniaceae 1
Ulmaceae 3 1 5 1 1 1
Verbenaceae 1 1 2 1 1
Violaceae 1 1 3
Vitaceae 2 2 4 3 1
Zygophyllaceae 2 1
Undetermined 1 2 2 2 2
Total spp 44 44 68 68 137 103 121 103 100
Total fam 19 21 32 32 52 41 50 44 40
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